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ABSTRACT 
Fusarium oxysporum f. sp. cucumerinum is the fungal pathogen responsible for Fusarium 
vascular wilt of cucumber. The options for managing Fusarium wilt in greenhouse cucumbers 
are limited by our poor understanding of the modes of survival and dissemination of the 
pathogen.  
Aerial dissemination of the pathogen was investigated following the development of a highly 
specific and sensitive quantitative real-time PCR assay that reliably detected as few as 100 
Fusarium oxysporum f. sp. cucumerinum genome copies in environmental matrices. Numbers 
of both macroconidia and microconidia were variable in greenhouse air samples at different 
times of day. A potential relationship between fluctuation in relative humidity and spore 
number was found.  
While this shows that the pathogen can be aerially disseminated, airborne spores were unable 
to infect wound stem sites. These results suggest that aerial inoculum propagates and 
disseminates the pathogen, but that infection is primarily through the root after aerial spores 
are deposited on the soil surface.  
Aerial dissemination was also found to occur through insect vectors. Sciarid and shore flies 
could carry between 1 × 102 and 1 × 106 pathogen genome copies/individual. Experimentally, 
sciarid and shore flies acquired F. oxysporum f. sp. cucumerinum following exposures to agar 
cultures of the pathogen of up to 94 hours and were found to transfer the pathogen, resulting 
in disease expression in a glasshouse transmission trial. Light microscopy revealed that 
spores were carried externally on the bodies of the adult flies. These insects inhabit the 
growth substrate and are therefore likely to have an important role in spreading the pathogen 
in greenhouse crops, particularly when growth substrates are re-used. 
xvi 
 
An inoculum density trial showed that vascular wilt disease was initiated after inoculation of 
peat-grown seedlings with as few as 1,000 conidia. From these findings, I conclude that aerial 
inoculum and insect vectors play a significant role in the aerial dissemination of Fusarium 
wilt disease in greenhouse cucumbers, and need to be addressed when developing integrated 
crop management strategies.
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Chapter 1 
Greenhouse cucumber production and Fusarium wilt disease  
1.1 Overview of greenhouse cropping  
Until recently, the production of field grown vegetables has relied on the use of fumigants to 
manage destructive soil borne pathogens. In 2005 the most widely used soil fumigants, 
methyl bromide and metham sodium, were internationally restricted and prohibited in 
Australia under the Ozone Protection and Synthetic Greenhouse Gas Management Act 1989. 
The subsequent inability to sustainably manage soil borne disease in field grown vegetables 
has encouraged growers to enter into soilless greenhouse production (Parks 2006). The terms 
soilless or hydroponics have been defined as the production of crops isolated from the soil, 
either with or without a growth medium, having their total water and nutrient requirements 
supplied by the system (Jensen 1999; Hanger 1993). The greenhouse structure protects crops 
from environmental extremes, reducing physical injury and plant stress (Jensen 1999; Hanger 
1993). Greenhouse protected cropping therefore can enable optimal conditions for production 
to be monitored and maintained throughout the year, providing protection from soil borne 
pathogens while complying with the restrictions on the use of soil fumigants (Parks 2006).  
Greenhouse structure and technology plays a significant role in maintaining environmental 
stability (Jarvis 1989; Henten et al. 1997). Commercial greenhouses in Australia range from 
low, medium to high technology structures.  A low technology greenhouse is usually a single 
span tunnel unit, less than 3 meters in total height, in which there is little to no ventilation, 
and provides only the basic protective advantages over field production. They generally 
contain sub optimal growing conditions with little prevention or control of pests and diseases 
(Henten et al. 1997). Low technology greenhouses are usually the cheapest and most 
economically viable to establish for growers new to the industry. Medium technology 
2 
 
greenhouses are usually multi span tunnel houses, containing vertical walls that have a height 
of usually no more than 5.5 meters. They provide more ventilation than low technology 
greenhouses, and can contain varying levels of automation, allowing more control over 
environmental conditions, providing higher efficiency than field crops. A high technology 
greenhouse has a wall height of no less than 4 meters and is capable of manipulating all 
environmental conditions, usually by automated control. Through automatic roof and side 
ventilation, shade covers, humidifiers and internal heating and cooling, high technology 
greenhouses allow optimal environmental conditions for high crop productivity all year round 
(Henten et al. 1997). Some high technology greenhouses in Australia contain water recycling 
systems where the nutrient concentration and water is optimised for nutritional requirements 
of the particular crop, saving water and reducing nutrient wastage and input costs (Jenkins 
and Wehner 1983; Jarvis 1989).   
In Australia, a variety of root substrates are used in soilless greenhouse cropping including 
rock wool, coconut fibre as coir or cocopeat, pine sawdust and nutrient film technique (NFT) 
(Biggs 2004). Root substrates are often used for several crop cycles, particularly in 
recirculating systems (Jarvis 1989).  
Although the use of soilless root substrates can reduce the prevalence and impact of pests and 
pathogens, disease is still a limitation to production. Poor drainage, root confinement and 
accumulation of excess salts can also result in plant stress and increase the vulnerability of 
plants to pathogen attack (Jarvis 1989).
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1.2 Production of greenhouse cucumbers (Cucumis sativus) 
Cucumbers (Cucumis sativus; family Cucurbitaceae), probably originated in the foothills of 
the Himalayas and have been cultivated for at least 3,000 years (Boos 1962; Filov 1967; 
Jeffrey 1980; Yuldasheva and Stepanova 1984). Selective breeding has resulted in many 
cultivars of cucumbers being grown and consumed as both fresh and processed produce. In 
Australia, the most abundantly grown cucumber cultivars include the ‘Lebanese’ (‘Middle 
Eastern or ‘Beit Alpha’) cultivars with dark green slender fruit 10-20 cm long, ‘Continental’ 
(Telegraph or Long English) cultivars that have a similar appearance to the ‘Lebanese’ 
although with larger fruit extending to 40 cm and ‘Apple’ cultivars that are pale in colour 
with block shape fruit (Biggs 2004).  
Approximately 65.5 million tonnes of cucumbers were produced worldwide in 2011. The 
majority of the world’s cucumber crop is produced in China (47 million tonnes in 2011), 
distantly followed by Iran, Turkey, Russia and USA (Table 1.1; FAO stat, 2013).  Australia is 
a minor producer of cucumbers, producing approximately 12 500 tonnes in 2011 (Table 1.1; 
FAO stat, 2013) mostly for the domestic market (Biggs 2004). 
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Table 1.1 The world’s 10 largest cucumber producers in 2011 by metric tonne, in comparison 
to Australia (FAO stat 2013).  
Country Production quantity (tonnes) Yield (tonnes/ha) Area harvested (ha) 
China 47 360 521 42. 6 1 111 140 
Iran 2 352 140 25. 1 94 001 
Turkey 1 74 9170 27. 9 62 746 
Russian Federation 1 202 360 18. 2 66 200 
Ukraine 966 000 17. 1 56 600 
USA 759 290 15. 3 49 710 
Spain 705 600 86. 2 8 190 
Egypt 665 070 22. 9 29 120 
Japan 584 600 49. 9 11 700 
Indonesia 521 535 9. 7 53 758 
Australia 12 500 25. 0 500 
3 
 
The Australian cucumber industry has grown over the past 10 years (Hassall & Associates, 
Pty Ltd., 2001), increasing yields from approximately 13 tonnes/ha in 2001 to over 70 
tonnes/ha in 2008 (Figure 1.1; FAO stat, 2013). The transfer of production to greenhouses 
following the withdrawal of methyl bromide reduced the harvested land area from 
approximately 1 200 ha in 2005 to 500 ha in 2008, and initially increased yields, leading to 
an increase in total production (Fig.1.1; FAO stat, 2013). However, since 2008, yields have 
decreased coinciding with an increased incidence and severity of pest and diseases for which 
farmers have only limited control methods available. The ability to increase yield from a 
reduced land area highlights the potential of greenhouse cropping as a sustainable farming 
practice in areas where land use is competitive and food production in soil is seriously 
challenged by soil borne disease, but farmers have to be able to manage greenhouse pests and 
diseases to realise this potential.   
Greenhouse cucumbers are grown in every state in Australia but are predominately found in 
South Australia, where sunlight is abundant, and in peri-urban areas near Sydney, New South 
Wales, that are close to the large fresh produce market. The future of peri-urban horticulture 
is threatened by urbanisation in Australian cities, making land remaining for food production 
scarce (Hassall and Associates 2001). Greenhouse production needs to be optimised to 
maintain high yields in a sustainable production system in areas accessible to market, 
reducing costs of freight and storage, allowing quality local produce at an affordable price.  
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Figure 1.1 Trend in Australian cucumber production between 2000-2011 showing a decrease 
in harvested land area (ha) and increase in yield (tonnes/ha) after 2005, when soil fumigation 
with methyl bromide and metham sodium was prohibited (FAO stat 2013). 
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Due to the expense involved in greenhouse establishment and entry into the hydroponic 
industry, most greenhouse cucumber growers in Australia manage low to medium technology 
greenhouses in which the nutrient water flows through a non-recycling dripper unit to the 
crop and waste water is left to flow out of the greenhouse to the surrounding land (Parks 
2006). The optimum temperature range for cucumber production is between 19.5°C (min) 
and 35°C (max) (Hochmuth 2001). Prolonged periods outside these temperature parameters 
lead to reduced fruit production and quality. Low to medium technology greenhouses do not 
have the capability to stabilise temperature and humidity precisely, allowing these extreme 
temperatures to be exceeded, placing stress on the plant (Jarvis 1989).  
Although greenhouses were originally presented as the solution to soil borne diseases, 
growers are faced with significant new challenges for disease control (Jarvis 1989, Ye et al. 
2004). The relatively uniform environment in greenhouses allows optimal plant growth and 
production, however, may also favour pathogens and pests, and increase the potential for 
catastrophic disease (Ye et al. 2004). Little is known about the impact of the greenhouse 
environment on the spread of disease, in particular, the ability of soil borne fungal pathogens 
to persist in a soilless production system, the movement and role of pathogenic fungi around 
the greenhouses and the implications of the timing of grower’s practices and the greenhouse 
environment on propagule movement and infection.    
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1.3 Fungal diseases of cucumber in Australia 
A survey of diseases in Australian cucumber producing regions conducted between 2001 and 
2004 found F. oxysporum f. sp. cucumerinum and Pythium spp. to be the major root 
pathogens associated with cucumber production (Tesoriero 2004). These pathogens were 
commonly found in combination with each other, indicating a potential disease complex or 
interaction between these pathogens. Other diseases and their distribution in Australian 
cucumber growing regions are summarised in Table 1.2.   
This survey was conducted in four different growth media being used in commercial 
production, including coconut fibre as coir peat, sawdust, compost mix and nutrient film 
technique (NFT). Although the use of soilless media provides an initially pathogen-free 
substrate for plant growth, the common practice of re-using media substrates (Postma et al. 
2000) and insufficient crop hygiene practices can still result in the introduction and 
establishment of pathogens (Jarvis 1992).  
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Table 1.2 Diseases detected in Australian greenhouse cucumber producing regions 
(Tesoriero 2004). 
  State 
Disease Pathogen NSW SA QLD WA 
Alternaria leaf spots Alternaria cucumerina  
 
+ + + + 
 Alternaria alternata + + - - 
Anthracnose Colletotrichum orbiculare + + + + 
Botrytis Rots (Grey 
Mould) 
Botrytis cinerea + + + + 
Black Root Rot Phomopsis sclerotioides + - - - 
 Thielaviopsis sp. (Chalara sp.) + + - - 
Damping-off Rhizoctonia solani + + + + 
Damping-off / Root rot Pythium spp. + + + + 
Fusarium foot rot  Fusarium solani  
 
+ + + + 
Fusarium wilt Fusarium oxysporum + + + + 
Root rot Phytophthora sp. + - - - 
Downy mildew Pseudoperonospora cubensis + + + + 
Powdery mildew Podospora xanthii 
(anamorph - Oidium sp.) 
+ + + + 
Gummy stem blight Didymella bryoniae  
(anamorph - Phoma 
cucurbitacearum) 
+ - + - 
Sclerotinia Rot Sclerotinia sclerotiorum + + + + 
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1.4. Fusarium oxysporum Schlechtend.:Fr. 
1.4.1 Taxonomy and morphology  
Fusarium oxysporum Schlechtend.:Fr. is a genetically diverse and ubiquitous fungus. No 
sexual state has been found for F. oxysporum but related species are thought to be anamorphs 
of the ascomycete Gibberella species (Snyder and Hansen 1940; Guadet et al. 1989; 
O’Donnell et al. 1998). F.oxysporum includes morphologically indistinguishable plant 
pathogenic strains and non-pathogenic strains, for which no host has yet been defined. 
Pathogenic strains of F.oxysporum can cause vascular wilt or root rot on a broad range of 
plants, many of which are economically important crops (Gordan and Martyn 1997). 
The taxonomy of Fusarium has undergone major revision. The current classification of the 
Fusarium genus was established by Snyder and Hansen (1940), after their revision of the 
former groupings devised by Wollenweber and Reinking (1935). Snyder and Hansen 
recognised the naturally occurring morphological and physiological variability that occurs 
within Fusarium species excluded by Wollenweber and Reinking. On the basis of a new 
system using macroconidial shape as the primary characteristic for identification, and the 
occurrence of chlamydospores or microconidial shape as a secondary characteristic, Snyder 
and Hansen reduced what were ten species, 18 varieties and 12 forms in the ‘Elegans’ 
grouping, into one species, Fusarium oxysporum Schlect. (Snyder and Hansen 1940; Burgess 
et al. 1994). 
In culture, colonies of F. oxysporum can vary from fluffy white to orange, pinks and violet 
(Burgess et al. 1994). Macroconidia (3-4.5 × 40-50 µm) are tapered and curved to almost 
straight with a slight hook, thin walled with usually three septa and are produced from 
monophialides (Figure 1.2; Nelson et al. 1983; Burgess et al. 1994). Microconidia (2-4 × 5-
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12 µm) are oval or elliptical, usually non septate and form in false-heads from short 
monophialides (Figure 1.2; Nelson et al. 1983; Burgess et al. 1994). Chlamydospores (7-13 
µm), both smooth and rough thickened walled, are produced intercalary or terminal in the 
hyphae (Figure 1.2; Gerlach and Nirenberg 1983) and form abundantly in most isolates, 
usually in pairs or singular.  
Snyder and Hansen (1940) then separated F. oxysporum into formae speciales (f. spp.) 
(plural); or single forma specialis (f. sp.), based on host range. Over 100 formae speciales of 
F. oxysporum have since been described (Armstrong and Armstrong 1981; Michielse and 
Rep 2009). Some of the formae speciales are further divided into races, basis on virulence 
specificity to a set of differential cultivars within the same plant species (Armstrong et al. 
1978; Armstrong and Armstrong 1981). Genetic relationships within formae speciales have 
been further defined into vegetative compatibility groups (VCG’s), based on the ability of 
strains to establish hyphal anastomosis and form heterokaryons (Puhalla 1985).  
F. oxysporum causes crown, stem and root rots or vascular wilt disease. These pathogenic 
diseases are major threats to crop productivity and significantly impact the economic 
performance of production of many crops, including cotton, cut flowers, banana, date palm, 
tomato and melon (Jenkins and Wehner 1983; Martínez et al. 2003; Martyn 1996; Neshev 
2008). Of the 100 F. oxysporum formae speciales, seven have been identified causing 
vascular wilts on cucurbits (Table 1.3). 
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Figure 1.2 Morphological characteristics of Fusarium oxysporum (Fourie et al. 2011).  
a. microconidia; b. macroconidia; c. monophialides producing conidia; d. terminal 
chlamydospore. Scale bar = 50 µm.  
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Table 1.3 F. oxysporum f.spp. causing vascular wilt on cucurbits. 
Crop F. oxysporum f.spp. Reference 
Chinese winter melon  
(Benincasa hispida (Thunb.) Cogn.] 
f. sp. benincasae Gerlagh and Ester (1985) 
Bitter melon  
[Momordica charantia L.] 
f. sp. momordicae Sun and Huang (1983) 
Bottle gourd  
[Lagenaria siceraria (Mol.) Standl.] 
f. sp. lagenariae Matsuo and Yamamoto (1967) 
Rockmelon  
[Cucumis melo L.] 
f. sp. melonis Snyder and Hansen (1940) 
Smooth loofah  
[Luffa aegyptiaca Mill.] 
f. sp. luffae Kawai et al. (1958) 
Watermelon  
[Citrullus lanatus (Thunb.) Matsum.  
et Nakai] 
f. sp. niveum Snyder and Hansen (1940) 
Cucumber (Cucumis sativus) f. sp. cucumerinum 
 
Owen (1955) 
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While isolates of F. oxysporum are generally host specific, seedling assays have revealed that 
the host range distinction between formae speciales of F. oxysporum is not as obvious as 
originally postulated. For example, Nomura (1992) demonstrated pathogenicity of F. 
oxysporum f. sp. lagenariae to pumpkins (Cucurbita spp.). F. oxysporum f. sp. cucumerinum 
isolates have shown to be pathogenic and cause severe vascular wilt symptoms on 
watermelon (Gerlagh and Blok 1988) and rockmelons (McKeen 1951; Kosswig 1955; 
McMillan 1986). Cafri et al. (2005) inoculating cucumber and melon seedlings one day after 
their emergence as well as 25 day-old plants found that all F. oxysporum f. sp. cucumerinum 
isolates were pathogenic to cucumber, while approximately two thirds of the isolates were 
pathogenic to both cucumber and melon. However, disease symptoms were less destructive 
on melon plants as pathogenicity was expressed as growth retardation rather than wilting or 
death. The reciprocal inoculation of four physiological races of F. oxysporum f. sp. melonis 
on cucumber did not result in growth retardation or wilt symptoms. In addition, many plants 
have been recorded as asymptomatic carriers of both pathogenic and non-pathogenic species 
of F. oxysporum (Abdullah and Ismail 1976; Katan 1971) and Armstrong and Armstrong 
(1978) suggest that pathogenicity of some formae speciales is affected by temperature, light 
intensity and inoculum concentration.  
Due to the highly complex taxonomy of F. oxysporum, Gerlagh and Blok (1988) proposed 
the name F. oxysporum f. sp. cucurbitacearum for all formae speciales of F. oxysporum 
causing wilt within Cucurbitaceae and replaced the designation of ‘f. sp. cucumerinum’ with 
‘race cu’ for isolates having cucumber as the principal host. However, in more recent work 
(Vakalounakis 1996; Vakalounakis and Fragkiadakis 1999), in which pathogenicity tests, 
VCGs and RAPDs were analysed, isolates of the proposed ‘F. oxysporum f. sp. 
cucurbitacearum race cu’ were shown to belong to a new formae speciales named F. 
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oxysporum f. sp. radicis-cucumerinum. The development of vegetative compatibility 
groupings (VCGs), (Ahn et al. 1998;) and DNA-based technologies has since allowed more 
accurate genetic distinctions to be made between the formae speciales infecting cucurbits, 
and this revised classification was not  adopted. F. oxysporum f. sp. radicis-cucumerinum has 
since been found to infect and cause serious disease on various cucurbits, including melon, 
watermelon, bottle gourd and sponge gourd (Vakalounakis et al. 2005). These findings pose 
questions regarding the meaning of “formae speciales”, a classification based on host range. 
The development of vegetative compatibility groupings (VCGs), (Ahn et al. 1998; 
Vakalounakis and Fragkiadakis 1999) based on the ability of strains to form stable 
heterokaryons following hyphal anastomosis, suggested correlations between VCGs and 
formae speciales of F. oxysporum (Puhalla 1985). However, a forma specialis may contain 
one or more VCGs. It was hypothesised that virulence is the major selection pressure within a 
host, and isolates that attack a particular host will dominate the population, while non-
pathogenic isolates will be less abundant. As a result, the mutations that resulted in virulence 
of the isolates would spread within the VCG to that it belonged. Therefore pathogenic 
isolates that are vegetatively compatible are suggested to have originated from the same 
ancestor (Puhalla 1985; Vakalounakis and Fragkiadakis 1999). The VCG technique has been 
used as an indicator of genetic relatedness, however, for more precise determination of F. 
oxysporum formae speciales, DNA based molecular technologies have since been employed 
for phylogenetic and population studies.  
F. oxysporum f. sp. radicis-cucumerinum was recorded for the first time in Crete, Greece in 
1989 (Vakalounakis 1996) and is suggested to be monophyletic (Vakalounakis and 
Fragkiadakis 1999; Vakalounakis et al. 2004). It has subsequently been recorded in 
greenhouse cucumber crops in Europe, Asia and Canada causing significant yield losses. F. 
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oxysporum f. sp. radicis-cucumerinum to my knowledge has not yet been found in Australia 
(Tesoriero 2011). This pathogen causes primarily a root and stem rot of greenhouse 
cucumbers, as opposed to a true vascular wilt caused by F. oxysporum f. sp. cucumerinum 
(Vakalounakis 1996). 
Disease symptoms typical of F. oxysporum f. sp. radicis-cucumerinum include slow wilting 
and progressive yellowing followed by unilateral cortical rot with a longitudinal canker at the 
hypocotyl that may extend upward for about 20-40 cm and downward to the root system. 
Primary, secondary and tertiary roots have brown lesions and isolated unilateral cracks with 
rots varying in length from 5 to 15 cm, usually with white or pink coloured growth of the 
pathogen appearing on the upper stem (Vakalounakis 1996).  F. oxysporum f. sp. 
cucumerinum disease symptoms include seedling damping-off, plant stunting, yellowing and 
wilting of older leaves with brown vascular discolouration (Owen 1955) and in Australian 
greenhouse cucumbers the development of spore masses (sporodochia) on stems under humid 
conditions have been observed (Tesoriero 2004, 2011). The only symptom that differs 
between these two formae speciales is hypocotyl rot associated with F. oxysporum f. sp. 
radicis-cucumerinum. This finding led to the hypothesis that both F. oxysporum f. sp. 
cucumerinum and F. oxysporum f. sp. radicis-cucumerinum are present in Australia 
(Tesoriero 2004). Genetic characterisation of F. oxysporum isolates surveyed from Australian 
cucumber regions included rep-PCR genomic fingerprinting including ERIC1R, ERIC2 and 
BOXA1R, sequencing of the conserved genes, elongation factor 1-α and calmodulin, SCAR 
primer assays and VCG analysis. The hypothesis that both cucumber infecting formae 
speciales of F. oxysporum are present in Australia was rejected since genetic data only 
supported the occurrence of F. oxysporum f. sp. cucumerinum. In addition, F. oxysporum f. 
sp. cucumerinum infection results in large masses of sporodochia developing on cucumber 
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stems under high humidity (Tesoriero 2011). This example highlights the difficulties in 
attempting to identify F. oxysporum f. spp. and the importance of reliable DNA-based 
diagnostics, particularly in biosecurity, to prevent and detect pathogen incursions. 
 
1.4.2 Molecular discrimination of F. oxysporum  
The complexity in identifying formae speciales of F. oxysporum in culture is due to 
indistinguishable morphology between isolates and potentially undefined host ranges 
(Chandra et al. 2011). Classically, identification of F. oxysporum isolates was largely based 
on pathogenicity testing (Recorbet et al. 2003), generally by testing the pathogenicity of the 
isolate on various plant species. Although effective, these bioassays are time-consuming. Due 
to the complexities within host ranges of F. oxysporum f. spp., an extensive number of plant 
species and cultivars are required to accurately identify the isolates.  
More recently, the development of DNA-based molecular tools has allowed accurate and 
rapid identification of F. oxysporum f. spp. (Lievens et al. 2007; Lievens et al. 2008; Inami et 
al. 2010; Jimenez-Fernandez et al. 2010). These technologies attempt to utilise specific gene 
regions that are unique to F. oxysporum formae speciales. F. oxysporum isolates contain a 
highly conserved set of housekeeping genes, including mitochondrial small subunit (mtSSU) 
ribosomal RNA gene, the rDNA intergenic spacer (IGS) region, and the translation 
elongation factor (EF)-1α gene, clustered on large chromosomes, along with a highly variable 
set of host specific virulence genes that are located on horizontally transferable chromosomes 
(Rep and Kistler 2010). Conserved housekeeping genes have helped to reveal the genetic and 
evolutionary relationships within and among formae speciales of F. oxysporum (Lievens et 
al. 2008), however host specificity is believed to have evolved independently in F. 
oxysporum and does not necessarily reflect phylogenetic relatedness among pathogenic 
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isolates of F. oxysporum. Host specificity of F. oxysporum has been attributed to mutations in 
avirulance genes and lateral chromosome transfer that overcome defence responses in the 
host plant (Ma et al. 2010; Rep and Kistler 2010). Identifying host specific virulence genes 
can allow the distinction between formae speciales by the presence or absence of certain 
linage specific genes (Ma et al. 2010).  
Molecular discrimination of F. oxysporum formae speciales is limited by the lack of 
knowledge surrounding the genetic basis of virulence (Di Pietro et al. 2003; Rep et al. 2004; 
Rep et al. 2005; Rep and Kistler 2010). Virulence gene markers have been found to 
discriminate F. oxysporum f. sp. lycopersici based on the unique presence of the virulence 
‘secreted in xylem’ (SIX) 1 genes (Rep et al. 2004; Rep et al. 2005; Hirano et al. 2006) found 
within all F. oxysporum f. sp. lycopersici isolates, irrespective of race and clonal linage 
(Lievens et al. 2008). However, in formae speciales where conserved virulence genes have 
not been found, other techniques have been employed to genetically characterise pathogenic 
formae speciales.  
Genotyping techniques including restriction fragment length polymorphism (RFLP) (Botstein 
et al. 1980), random polymorphic DNA (RAPD) (Willians et al. 1990; Kalc-Wright et 
al.1996) and amplified fragment length polymorphism assays (AFLP) (Vos et al. 1995) have 
been used to identify random sequence differences between the subspecific groups of F. 
oxysporum. These assays have since proved laborious, complicated (Garcia-Mas et al. 2000), 
costly (Garcia-Mas et al. 2000) and potentially have poor reproducibility between 
laboratories (Jones et al. 1997).  
To overcome these challenges, DNA fragments identified using these techniques are often 
converted into Sequence-Characterized Amplified Region (SCAR) molecular markers, 
capable of being amplified using designed primers (Lievens et al. 2008).  However, as these 
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markers can be localised anywhere in the genome, extensive screening using a large 
collection of strains is necessary to validate the reliability of the marker as a diagnostic tool 
(Lievens et al. 2008).  
Lievens et al. (2007) developed specific Sequence-Characterized Amplified Region (SCAR) 
primers designed to amplify the Random Amplified Polymorphic DNA (RAPD) maker 
capable of identifying F. oxysporum f. sp. cucumerinum. These SCAR primers discriminate 
pathogenic F. oxysporum f. sp. cucumerinum from other pathogenic and non-pathogenic F. 
oxysporum formae speciales, including F. oxysporum f. sp. radicis-cucumerinum (Lievens et 
al. 2007; Vakalounakis 1996) that has the same host range and arguable similar 
symptomology. Although F. oxysporum f. sp. cucumerinum and F. oxysporum f. sp. radicis-
cucumerinum are considered polyphyletic based on EF-1α (Lievens et al. 2007), this close 
host range may suggest that the genetic bases for virulence may be similar. 
The development and adoption of molecular based tools is enabling the rapid characterisation 
of F. oxysporum f. spp. In addition, assays such as real-time qPCR and DNA arrays that 
allow both identification and quantification of multiple pathogenic isolates of F. oxysporum f. 
spp. are becoming routine as the benefits and application of these assays are recognised.  
Real-time qPCR is a useful tool for the study of plant pathogen interactions, fungal biology 
and epidemiology. Disease management strategies for F. oxysporum requires not only the 
detection and identification but also an understanding of the threshold pathogen density that 
result in economic loss, changes in the distribution of the pathogen, and an accurate 
understanding of the interaction between the pathogen and its biotic and abiotic 
environments. For these purposes, real time qPCR has many advantages that overcome the 
limitations of conventional PCR methods. Real time qPCR does not require the use of post 
PCR processing such as electrophoresis or hybridisation, thus avoiding the risk of carryover 
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contamination and reducing assay labour and material costs (Capote et al. 2012). In addition, 
the sensitivity and specificity of qPCR allows the identification and accurate quantification of 
the target pathogen (Capote et al. 2012). As there are limited effective curative treatments to 
control F. oxysporum, efforts to prevent the disease require specific detection through rapid 
and accessible assays.  
 
1.4.3 Fusarium oxysporum f. sp. cucumerinum J.H Owen 
Fusarium oxysporum f. sp. cucumerinum J.H Owen is the fungal pathogen responsible for 
vascular wilt in cucumber plants (Owen 1955). It was first described in Florida in 1955 as the 
cause of losses in commercial field grown cucumber crops (Owen 1955). The symptoms 
described by Owen (1955) include necrotic lesions of the stem base, foliar wilting, necrosis 
and eventually plant death (Holliday et al. 1970). The first report of F. oxysporum f. sp. 
cucumerinum in commercial greenhouse cucumbers in south eastern Spain was in 2000 when 
growers observed wilting, yellowing and necrotic steaks on the stems and vascular 
discolouration, moving from the roots of the plant (Martinez et al. 2003).  
F. oxysporum f. sp. cucumerinum occurs in most cucumber growing regions around the world 
(Neshev 2008; Lauenstein 1955; Martínez et al. 2003; Vakalounakis and Fragkiadakis 2003; 
Martyn 1996; Jenkins and Wehner 1983; Wicks et al.1978). Three races of the pathogen have 
been reported based on their pathogenicity to a differential set of cucumber genotypes 
(Armstrong et al. 1978). The movement of the races around the world probably resulted from 
the transfer of contaminated seed (Jenkins and Wehner 1983).  
Resistant cultivars, mostly Cucurbita maxima × Cucurbita moschate, and the use of resistant 
rootstock grafting has successfully managed disease caused by Race 1 and 2. In Europe, 
cucumber hybrids are also resistant to scab caused by Cladosporium cucumerinum due to the 
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Ccu resistance gene. The Ccu gene has been shown be linked to the Foc resistance gene 
against F. oxysporum f. sp. cucumerinum (Vakalounakis 2006). Regardless, F. oxysporum f. 
sp. cucumerinum remains a significant limitation to production in Australia, seemingly due to 
the lack of resistant cultivars against F. oxysporum f. sp. cucumerinum Race 3 present in 
Australia and Asia. Once the pathogen is established within the crop, there are few options 
available for effective control, with disease reduction in Asia relying on resistant rootstock 
grafting (Giannakou and Karpouzas 2003; Miguel et al. 2004; Cohen et al. 2007). Lack of 
resistant cultivars against Race 3 and cost limitations associated with rootstock grafting in 
Australia (Bithell et al. 2012) has resulted in Fusarium wilt causing losses of up to 80% per 
farm, resulting in an estimated financial loss $90,000 per hectare per year in Australian 
greenhouse cucumbers (Wicks et al. 1978).            
 
1.4.4 Disease cycle  
Fusarium oxysporum is a soil borne fungal pathogen that infects by penetrating at the root 
zone of the host plant colonising the vascular tissue, reducing the ability of water 
conductance and transpiration of the host plant (Hall et al. 2013). After the host plant dies 
resting structures are produced in the form of thick-walled chlamydospores (Lida et al. 1982; 
Beckman 1987). The formation of chlamydospores allows the pathogen to reside and persist 
in the soil until such time they are chemotropically stimulated by the presence of root 
exudates to germinate and infect the host roots (Hsu & Lockwood, 1973; Griffin, 1981). 
Beckman (1987) utilised a concept first proposed by Talboys (1957) who described the 
development of vascular wilt disease on hops caused by Verticillium albo-atrum, to create an 
eight phase model outlining the disease cycle of F. oxysporum (Figure 1.3).  
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Figure 1.3 Generalised disease cycle of F. oxysporum vascular wilts (Beckman 1987). 
 
Primary determinative phase; penetration and infection of the outer root tissue and entry into the vascular tissue 
Secondary determinative phase; colonisation of the vascular bundles 
Expressive phase; symptom development in the host occurs 
Degradation of senescing or dead host tissue by the pathogen 
Production of resting structures 
Complete degradation of host substrate leaving resting structures to persist 
Renewal of resting structures by saprophytic growth on organic debris and root exudates 
Renewal of resting structures by transient infection of the roots of host and non-host plants 
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Although the model devised by Beckman (1987) provides a framework for understanding the 
disease cycle of F. oxysporum vascular wilts, recent evidence questions the simplicity of this 
model. Beckman (1987) proposes that microconidia play the primary role in the Secondary 
Determinative Phase of the infection, including the colonisation of vascular buddles. In 
studies using GFP labelled F. oxysporum, neither conidiophores nor microconidia were 
observed within the xylem vessels of Arabidopsis thaliana or tomato (Czymmek et al. 2007; 
van der Does et al. 2008). Ohara et al. (2004) also found that pathogenesis of F. oxysporum 
was not affected by blocking the REN1 gene, a putative transcription factor required for 
micro and macroconidia development. The REN1 blocked isolate produced only 
chlamydospores and abnormal rod-shaped, conidium-like cells, suggesting that microconidia 
and macroconidia are not essential for infection and pathogenicity (Ohara et al. 2004). 
The mechanisms of infection and pathogenicity of F. oxysporum f. spp. are poorly understood 
(Beckman 1987). Infection of F. oxysporum through the host plant root has been attributed to 
the utilisation of pathogenicity genes responsible for spore attachment and germination, 
infection and colonisation of the host including processes of cell wall degradation, toxin 
biosynthesis and signalling (Idnurm and Howlett 2001; Catanzariti and Jones 2010). Other 
pathogenicity genes are encode effector proteins capable of manipulating and suppressing 
plant host defence responses, typically through interaction with host plant proteins (Inoue et 
al. 2002; Rep 2005; De Wit et al. 2009). Plants have consequently evolved resistance 
proteins enabling recognition of specific pathogen effectors, igniting plant defence responses 
known as effector triggered immunity. This gene for gene relationship between F. oxysporum 
formae speciales avirulance genes and matching resistance genes in their respective hosts was 
confirmed by Rep et al. (2004) when the first avirulence gene of F. oxysporum was identified 
in F. oxysporum f. sp. lycopersici. The protein product, SIX1 (‘secreted in xylem 1’), was 
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found in xylem sap of infected tomato plants, and was shown to be required for disease 
resistance mediated by the resistance gene I-3 (‘immunity 3’). SIX1 was later renamed Avr3 
(Houterman et al. 2008). Two other avirulence genes, Avr1 (SIX4 ) and Avr2 (SIX3), were 
later identified in F. oxysporum f. sp. lycopersici, and are required for I- and I-1-mediated 
disease resistance (Houterman et al. 2008) and I-2-mediated disease resistance (Houterman et 
al. 2009).  
To date, 14 proteins have been isolated from xylem sap during F. oxysporum f. sp. 
lycopersici infection, however the function of most is still under investigation (Houterman et 
al. 2008; Lievens et al. 2009; Ma et al. 2010; Schmidt et al. 2013). Recent genome 
sequencing of F. oxysporum f. sp. lycopersici has revealed that the SIX genes are located on 
the same chromosome (Ma et al. 2010). This chromosome was not found on non-pathogenic 
F. oxysporum and has shown to be responsible for pathogenicity transfer from pathogenic 
strains to non-pathogenic strain, converting it to a pathogen (Ma et al. 2010). These 
phenomena may lead further investigation into pathogenicity transfer and the potential for 
effector triggered immunity on other F. oxysporum f. spp. host that have not yet been 
identified, including cucumber.   
Attempts have also been made to investigate the role of cell wall degrading enzymes in 
pathogenicity. Di Pietro et al. (2003) showed that inactivation of individual cell wall 
degrading enzymes or protease-encoding genes, encoding pectate lyase (PL1), xylanase 
(XYL3, XYL4, XYL5 ), polygalacturonase (PG1, PG5, PGX4 ) or a subtilase (PRT1), did 
not have a detectable effect on virulence and suggests this is possibly due to functional 
redundancy. Further attempts to assess the combined effect of a group of secreted cell wall 
degrading enzymes on virulence have been conducted by studying the transcriptional 
regulators involved in the expression of their genes. Studying the role of transcriptional 
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regulators found that the infection process requires a collective action of cell wall degrading 
enzymes as well as carbon catabolite repression (Jonkers et al. 2009) and nitrogen regulation 
(Divon et al. 2006). Disruption of protein kinase regulator (SNF1) resulted in reduced growth 
on several complex and simple carbon sources, other than glucose, and reduced the 
expression of several cell wall degrading enzymes (PGX1, PGN1, PL1 ) reducing virulence 
towards A. thaliana and Brassica oleracea (Ospina-Giraldo et al. 2003). In addition, poor 
root colonisation in FRP1 (encoding F-box protein) disrupted mutants has been attributed to 
reduced assimilation of organic acids, amino acids and polysaccharides (Jonkers et al. 2009). 
These finding support the theory that the adaptation of carbon metabolism and cell wall 
degrading enzyme gene expression plays a role in pathogenicity. In addition, nitrogen 
regulation is suggested to be important for the infection process. Divon et al. (2006) showed 
that inactivation of the global nitrogen regulator, FNR1, resulted in a reduced ability of F. 
oxysporum to utilise several secondary nitrogen sources, eliminating the expression of 
nutrition genes normally induced during the early phase of infection, and resulted in reduced 
pathogenicity towards tomato. Michielse and Rep (2009) suggest that a collective secretion of 
several cell wall degrading enzymes is probably required for superficial root colonisation; 
through the release of cell wall components for nutrition, as well as root penetration; through 
weakening of cell walls. 
Pathogen challenge in resistant plants excites a complex network of signals resulting in the 
coordinated expression of defence responses (Daniel and Guest 2006; Hall et al. 2011; Sun et 
al. 2013). In response to the development of the pathogen within the xylem vessels, host 
plants have been observed to produce anti-fungal compounds including terpenoid 
phytoalexins (Lida et al. 1982; Hall et al. 2011; Hall et al. 2013; Sun et al. 2013). In addition 
to anti-microbial compounds, plant defence responses also involve physical barriers, 
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including cell wall lignification, production of callose, vascular occlusions and tyloses. 
Vascular occlusions and tyloses are invaginations of the xylem parenchyma cells that grow 
into the vessel, physically blocking the vessel, but can also impede water flow (Sun et al. 
2013). Although these invaginations are a physical defence produced by the plant host, the 
production of vascular occlusions and tyloses has shown to also restrict water flow, 
potentially adding to the wilt symptoms and plant death (Lida et al. 1982; Beckman 1987; 
Sun et al. 2013).  
Studies of the spatial and temporal development of F. oxysporum f. spp. have allowed further 
understanding into the nature of disease cycle of this species. F. oxysporum f. spp. were 
previously considered monocyclic diseases that complete only one disease cycle within a 
growing season, where by the inoculum that survives from the previous season serves as a 
primary inoculum for the next crop (Rekah et al. 1999).  Fusarium oxysporum f. sp. radicis-
lycopersici was found to spread from one plant to the next via infection of the roots during 
the growing season (Rekah et al. 1999). This finding suggests polycyclic infection of F. 
oxysporum f. sp. radicis-lycopersici, where the pathogen completes more than one disease 
cycle within a growing season and the diseased plants serve as the inoculum source and 
support secondary infections. The polycyclic nature of F. oxysporum f. sp. radicis-lycopersici 
has potential implications for the management of the disease. Rekah et al. (1999) 
demonstrated that Fusarium oxysporum f. sp. radicis-lycopersici infected plants have the 
capacity to cause disease in at least four plants to either side of it. Therefore, even initial low 
disease intensity may result in a severe epidemic within the crop if not appropriately 
managed.    
Apart from evidence for the polycyclic nature of F. oxysporum f. spp. through root contact, 
there is evidence that some F. oxysporum f. spp. are aerially disseminated and potentially 
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have an airborne phase. Conidia are produced on host stems by F. oxysporum f. sp. radicis-
lycopersici (Jarvis 1988), F. oxysporum f. sp. basilici (Gamliel et al. 1996), F. oxysporum f. 
sp. lycopersici (Katan et al. 1997), F. oxysporum f. sp. radicis-cucumerinum (Vakalounakis 
1996; Punja and Parker 2000; Cerkauskas and Brown 2001; Moreno et al. 2001) and other 
pathogenic forms of F. oxysporum (Katan et al. 1997), suggesting aerial dissemination. 
Katan et al. (1997) report sporulation of F. oxysporum f. sp. lycopersici on stem surfaces of 
tomato plants, symptom characteristics that were previously considered typical of crown and 
root rot disease caused by F. oxysporum f. sp. radicis-lycopersici. Airborne propagules of F. 
oxysporum f. sp. lycopersici were found to be responsible for sporulation on the tomato stem 
surfaces. Similarly, a sporulating layer of F. oxysporum f. sp. basilica on the stem of sweet 
basil (Ocimum basilicum L.), which is considered an atypical sign of Fusarium wilt, has 
changed what was thought about the dissemination of the pathogen, showing that the 
pathogen has characteristics of both soilborne and airborne pathogens (Gamliel et al. 1996).  
Rekah et al. (2000) report the role of the airborne propagules in the epidemics of the disease 
caused by Fusarium oxysporum f. sp. radicis-lycopersici and F. oxysporum f. sp. basilica in 
the field. Rekah et al. (2000) describe foliage infection by airborne inoculum followed by 
systemic downward movement of the pathogen through the vascular tissue from the foliage 
infection site to the crown and roots. Rekah et al. (2000) also states that wounding of the 
foliage enhanced pathogen invasion and establishment in foliage-inoculated plants.  
The ability of F. oxysporum to infect the root zone is recognised and studied (Beckman 1987; 
Inoue et al. 2002; Hall et al. 2013) however, evidence of a complete airborne phase and the 
role of airborne conidia of F. oxysporum in the disease cycle is less understood. To 
understand the significance of aerial inoculum in the disease cycle of F. oxysporum, further 
investigations into the ability of F. oxysporum to infect above ground plant tissue, including 
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stems and leaves, are required. If airborne conidia are capable of infecting above ground plant 
parts and colonising the vascular tissue, resulting in a polycyclic disease cycle, the 
dissemination capacity of the pathogen would be enhanced. Determining whether F. 
oxysporum f. sp. cucumerinum has a complete airborne phase in the disease cycle may 
enhance the management strategies used to prevent Fusarium wilt in greenhouse cucumbers.
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1.5 Epidemiology of fungal pathogens 
1.5.1 Aerial dissemination 
Fungi have evolved a diversity of methods to achieve separation from the sporophore, to 
cross the laminar boundary layer of still air that surrounds all surfaces and enter the turbulent 
boundary layer, allowing them to be dispersed over vast distances (Gregory 1973). This 
ability has resulted in devastating epidemics all over the world, with serious consequences for 
agricultural and horticultural industries (Aylor 2003; Brown and Hovmøller 2002; Cowger et 
al. 2005; Crowl et al. 2008).  
The principle mechanisms for spore liberation have been described as either passive, relying 
on outside forces, or active, relying on drying and turgidity of cells (Lacey 1996). Active 
mechanisms that are stimulated by water for spore liberation require a turgid cell and respond 
to changes in relative humidity, temperature or light and therefore usually follow seasonal 
and diurnal spore release patterns (Frinkling et al. 1987; McCartney and Lacey 1990; Paulitz 
1996; Bryne et al. 2000).  
Relative humidity changes have shown to impact spore release and aerial inoculum levels of 
a range of pathogens. Paulitz (1996) reports conidia release of Gibberella zeae (Fusarium 
graminearum), causing Fusarium Head Blight in wheat, showing a diurnal pattern where the 
beginning of conidia release correlates with a rise in relative humidity occurring during the 
early hours of the evening. Conidia release diminished when relative humidity stabilised 
above 80%. The effect of light rainfall during spore release was reported to temporarily 
reduce spore numbers in the air, while heavy rainfall reduced spore release. It was suggested 
that perithecial drying during the day, followed by sharp increases in relative humidity that 
occur in the early evening may provide the stimulus for release of ascospores (Paulitz 1996).  
28 
 
Similarly, in California, the effect of precipitation on spore release has been investigated in 
Botryosphaeriaceae spp. in grapevines (Urbez-Torres et al. 2010). A strong relationship was 
found between spore release and precipitation, where over 60% of the spores were trapped 
following rain events during the winter months of December, January, and February, which 
coincides with the grapevine pruning season. Botryosphaeriaceae spp. spore release was 
much lower in autumn and early spring and very few or no spores were trapped in late spring 
and summer (Urbez-Torres et al. 2010). The authors proposed that a delay of pruning time in 
California may reduce grapevine infection, because the current timing of pruning coincides 
with the greatest period of spore discharge (Urbez-Torres et al. 2010).  
Byrne et al. (2000) has shown that fluctuations in relative humidity, either positive or 
negative, prompt the release of Oidium sp. conidia in greenhouses containing infected 
poinsettias. The highest level of conidia release occurred following relative humidity 
fluctuations of 5 to 15%. Prolonged greenhouse temperatures exceeding 25°C reduced 
atmospheric conidial concentrations (Byrne et al. 2000). Changes in relative humidity have 
also been attributed to hygroscopic twisting capable of dislodging spores of Phytophthora 
and Peronospora spp. (Lacey 1996). 
Although changes in relative humidity seem to influence active mechanisms for spore 
release, not all species respond to the presence of moisture for spore liberation. Butt (1978) 
proposed that the variation in sensitivity to relative humidity is due to differences in the 
hygroscopic properties of the spore wall, therefore, some fungal species require additional 
mechanisms to assist in spore liberation. 
Evidence has been provided suggesting that solar radiation may trigger and enhance the 
release of spores (Blanco et al. 2006).  Botrytis cinerea conidial concentrations in a 
strawberry crop in Moguer (Huelva, south western Spain) were significantly and positively 
29 
 
correlated with average solar radiation. Among the weather variables considered, solar 
radiation showed the most consistent results in the regression analysis, explaining over 40% 
of airborne conidial concentration variability (Blanco et al. 2006). In addition, the release of 
spores from powdery mildew species has been explained by the photosensitivity of the 
mature stage of spore production. Cole and Fernandes (1970) report that conidia of Erysiphe 
cichoracearum that are produced at night remain immature and are only released once 
exposed to light. 
Passive mechanisms for spore release have been attributed to shedding under gravity, 
shedding under convection currents, deflation or blowing away and mechanical disturbance 
(Lacey 1996). In addition, passive spore release in Alternaria spp. and Puccinia spp. is 
caused by water splash from rain (Lacey 1996), resulting in the ‘tap and puff’ mechanism that 
utilises the energy of falling rain drops to release the spores. Of these passive mechanisms it 
has been suggested that mechanical disturbance is of the greatest importance in liberating 
spores within crops (Lacey 1996). This is due to the limited wind exposure that occurs within 
crops (McCartney et al. 1983) and Bainbridge and Legg (1976) showed that shaking of the 
leaves in a cereal crop could generate sufficient acceleration to liberate spores of Erysiphe 
graminis. From these finding it can be suggested that mechanical disturbance as a result of 
management practice and insect activity maybe significant in greenhouse crops, due to the 
protected nature of greenhouse cropping that limits the environmental effects of wind and 
rainfall. 
The few studies that describe the mechanisms by which airborne fungal spores are 
transported through a greenhouse reach the common conclusion that dissemination of spores 
around greenhouses is highly complex due to the large number of variables that are involved 
(Gregory 1945; Frinkling et al. 1987; Williams et al. 2001). Complexities of monitoring 
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spore movement have involved free convection by differential heating and cooling from 
heating panels or greenhouse walls, fluctuating pressure differences between inside the 
greenhouse and the outside weather, being the driving force for ventilation in non-automated 
greenhouses (Figure 1.4) and also disturbances to spore movement patterns by human 
activities in crop maintenance. 
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Figure 1.4 Air circulation patterns observed using smoke puff patterns in glasshouses 
(Frinkling et al. 1987). a. ventilators sides both closed; b. ventilators lee side open; and c. 
ventilators open both sides.
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Prior to 1950, measurements of airborne inoculum relied on the use of colony counts from 
sedimentation paper and settling plates (Lacey 1996). These methods require the germination 
of the spore for colony formation and exclude obligate biotrophic parasites, give results that 
vary with trapping period, drying agar plates, and may result in plates that are overcrowded 
or overgrown (Gregory 1973; Bayliss and Jackson 2011).  
The introduction of automatic air sampling equipment (Hirst 1952) has revolutionised our 
ability to take representative samples and understanding of air spora. Errington & Powell 
(1969) devised a high volume (up to 350 L min-l) cyclone sampler to detect microorganisms 
airborne in low concentrations. Air samplers that do not require media or the germination of 
airborne spores for identification are suggested to be more practical and accurate for 
sampling over long periods of time (Bayliss and Jackson 2011). Furthermore, the 
development of DNA-based markers to detect species in air samples allows not only 
collection of a representative sample, but the accurate identification and quantification of the 
spore type, and a better understanding of the effect of environment on spore release. 
 
1.5.2 Insect vectors 
Insects and fungi have co-evolved in many environments. Sharing of ecosystems has resulted 
in insects carrying spores or using them as a food source (Gardiner et al. 1990; Harris et al. 
1996; Hurley et al. 2007; Elmer 2008). Insects are capable of transporting large numbers of 
fungal spores either externally or internally and have been found to both actively and 
passively transport fungi. Some insects such as ambrosia beetles (family Curculionidae), 
maintain a nutritional symbiotic relationship with specific fungi. These beetles have evolved 
specialised anatomical structures, referred to as mycangia, that act as pouches or pits of 
various sizes, to actively transport and cultivate the fungal spores (Kent 2008).  
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In contrast, other beetles have demonstrated to passively carry spores. Konan and Guest 
(2004) observed scolytid and nitidulid beetles on newly developed cocoa pod lesions, caused 
by Phytophthora palmivora infection, but not on healthy pod surfaces, indicating that the 
beetles are attracted to diseased pods. The beetles were also observed colonising lesions 
caused by other pod rot pathogens (Konam 1999), suggesting that the beetles are attracted to 
the infected pod rather than Phytophthora palmivora. Their activity in vectoring the fungal 
pathogen is suggested to be a result of the inoculum becoming passively attached to their 
hairy bodies while colonising diseased cocoa pods (Konam and Guest 2004).  
Plant diseases caused by fungi vectored by insects can have devastating effects on host plant 
communities. Dutch Elm disease, caused by the fungus Ceratocystis ulmi, is spread by the 
European Elm beetle (Scolytus multistriatus) and the native North American elm beetle 
(Hylurgopinus rufipes). This relationship between the insects and pathogenic fungi resulted in 
the death of hundreds of thousands of elm trees across North America (Agrios, 1988).   
Vectoring relationships between insect and fungal pathogens can be widely diverse and 
complex. For example, Verticillium albo-atrum wilt of alfalfa is reported to be vectored by 
pea aphids (Acyrthosiphon pisum; Huang et al. 1981), alfalfa weevils (Hyperapostica) and 
grasshoppers (Melanoplus sanguinipes and M. bivittatus; Huang & Harper, 1984), 
Hypocryphalus mangiferae (Coleoptera: Scolytinae) vectors sudden decline disease 
(Ceratocystis manginecans) of mango (Al Adawi et al. 2013). Sooty mould, threatening 
mulberry plantations essential for production of silkworms, is reported to be associated with 
the scale insect Parthenolecanium corni Bouche (Hemiptera: Coccidae) in Kashmir (Irfan et 
al. 2013).  
Insects commonly associated with vectoring of fungal plant pathogens in greenhouses crop 
crops include sciarid flies (Diptera: Sciaridae), shore flies (Diptera: Ephydridae) and moth 
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flies (Diptera: Psychodidae).  Adult shore flies (Scatella sp.) have been demonstrated to serve 
as aerial vectors for Thielaviopsis basicola on corn salad (Stanghellini et al. 1999), Pythium 
aphanidermatum on cucumber plants (Goldburg and Stanghellini 1990) and Fusarium 
avenaceum on lisianthis (El-Hamalawi and Stanghellini 2005). Soil borne diseases reported 
to be transmitted by sciarid flies in greenhouses crops include Fusarium foetens on Hiemalis 
begonias (Elmer 2008), Fusarium avenaceum on lisianthus (El-Hamalawi and Stanghellini 
2005), Fusarium oxysporum f. sp. radices-lycopersici on tomato (Gillespie and Menzies 
1993), Pythium aphanidermatum on cucumber plants (Goldberg and Stanghellini 1990), 
Verticillium albo – atrum on alfalfa (Kalb and Millar 1986) and Verticillium fungicola in 
cultivated mushrooms (Shamshad et al. 2009).  
Both shore and sciarid flies reside on the surface of the plant growth medium (Dennis 1978). 
The larvae of these flies feed on fungi, diatoms, flagellates and organic matter (Harris et al. 
1996) including algae and healthy and diseased roots, where they are known to cause wound 
sites that facilitate the infection of pathogenic fungi and loss in plant vigour (Leath and 
Newton 1969; Graham and McNeill 1972; Kennedy 1974; Springer 1995a; Springer 1995b). 
Sciarid flies have also been reported to carry pathogens by trans-stadial transmission 
(Gardiner et al. 1990; Jarvis et al. 1993).  For such transmission the larvae of the fungus gnats 
feeds on the spores of the fungi while living in the soil root zone. Some of the ingested fungi 
remain viable in the digestion tracts after pupation and into the adult life stage, allowing the 
fungus to be spread through the faeces and carcass of the adult. 
It is suggested that it is not only the ability of the fungal gnats to fly around the greenhouse 
that make them effective vectors of fungal spores, but rather the external morphology, body 
size and surface area. Shamshad et al. (2009) reported the observation of comb like rows of 
bristles on the fore tibia of Bradysia ocellaris and suggested that they provide an explanation 
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for their greater competency of as a vector than Lycoriella ingénue, which doesn’t have this 
feature. In a study on the association between Leptographium wageneri, the causal agent of 
black-stain root disease of conifer forests in western North America, on a number of bark 
beetle (Coleoptera: Scolytidae) and weevil species (Coleoptera: Curculionidae), 
Schweigkofler et al. (2005) reported that it was not the largest beetle (Dendroctonus valens) 
found to have the highest correlation with spore number, rather the intermediate size beetle 
(Hylastes sp.) was most often associated with pathogen. These studies support the need to 
investigate the relationships between specific insects as vectors of plant pathogens.  
Although the role of insects has been studied in some horticultural crops the role of insects in 
cucumbers crops and their potential to vector F. oxysporum f. sp. cucumerinum has not been 
investigated. Determining which insects pose the greatest threat to disease dissemination and 
their significance as vectors for F. oxysporum f. sp. cucumerinum will aid in the development 
of an integrated pest management plan in greenhouse cucumbers.  
 
1.5.3 Irrigation lines, growth medium and crop hygiene 
A common occurrence of pathogen entry and dissemination in greenhouse crops is through 
poor crop hygiene practices that lead to contamination of a newly planted crop (Jarvis 1989; 
Postma et al. 2000; Elmer 2008). Without strict sanitation, irrigation lines using recycled 
water/nutrient systems pose the greatest threat of introducing diseases (Jarvis 1989). 
However, other mismanagement practices including incorrect removal of crop waste, 
inadequate sanitation of bench tops, pots, tools and irrigation lines between and within crop 
cycles and the reuse of root substrates between crops have been found to play a role in the 
introduction of plant pathogens, increasing the threat of diseases in soilless greenhouse 
production systems (Postma et al. 2000). 
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Inoculum density studies of Fusarium foetens on Hiemalis begonias showed that as few as 
100 conidia mL -1 were sufficient to cause significant disease (Elmer 2008). This indicates 
that disease risk is significantly increased when inoculum loads are over 100 conidia mL -1 
(Elmer 2008), and highlight the need for strict sanitation of irrigation lines where high 
concentrations of conidia may be found.  Wohanka (2003) showed that F. foetens could 
spread rapidly in irrigation water in ebb and flow systems. Levels as low as 100 conidia mL-1 
could also incite the disease, but filtration and the use of chlorine dioxide applied at 1.5–1.7 
µg mL-1 was effective in eliminating F. foetens from recycled water (Wohanka et al. 2005).  
Rowe et al. (1977) reported that airborne microconidia of F. oxysporum originated from 
infected tomato stems, straw mulch and partially decomposed tomato vines in outside dump 
piles of a tomato greenhouse. In their study Rowe et al. (1977) attempted to sterilise soil by 
steam, and suggested the failure to prevent the recovery of the pathogen was due to 
recontamination of freshly steamed soil by airborne F. oxysporum microconidia. These 
studies indicated the role that crop hygiene plays in the introduction of the pathogen to the 
crop and the disease cycle. Understanding the disease cycle, including where the pathogen 
resides as a saprophyte and how it invades protected crops, will aid the prevention of disease 
epidemics within greenhouse cucumbers.  
 
1.6 Management of Fusarium wilt disease 
Although complete control of Fusarium wilt disease has not been achieved, there have been 
some positive findings to aid in developing an integrated management plan including 
resistance genes, bioorganic fertilisers, pre-inoculants, biological controls and resistant 
rootstock grafting. However, effective employment of these control measures requires 
understanding of the Fusarium wilt disease cycle. 
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The most effective control against Fusarium wilt in cucumber has been the development of 
resistant cultivars against Race 1 and 2, by breeding a single dominant resistance gene Fcu-1 
into commercial cultivars suitable for greenhouse production (Table 1.4; Netzer et al. 1977; 
Peterson et al. 1982). The use of resistant cultivars significantly reduced crop loss to 
Fusarium wilt disease in Europe and the USA (Martyn 1996), however, the lack of a robust 
resistant cultivar against Race 3 still limits cucumber production throughout Asian countries 
Japan (Namiki et al. 1994), Korea (Ahn et al. 1998), China (Vakalounakis et al. 2004) and 
within Australia. As an alternative control method, Asian countries have adopted rootstock 
grafting that has been successful in preventing serious economic damages caused by 
Fusarium wilt. Grafting cucumbers has not been adopted as a sustainable control measure in 
Australia due to the associated labour costs (Bithell et al. 2012).  
Table 1.4 Resistance genes to F. oxysporum f. sp. cucumerinum races.  
Resistance gene Race Resistance source References 
Fcu-1 1 & 2  SMR-18 
W1-2747 
Vakalounakis 1993, 1995. 
Vakalounakis and Smardas 1996. 
Foc 2 WIS-248 Netzer et al. 1977 
 
The use of root colonising microbes applied as bioorganic fertiliser (Bacillus subtilis and 
Paenibacillus polymyxa) has shown to reduce the disease in cucumber plants (Zhang et al. 
2008). The application of the bioorganic fertiliser also showed a change in the bacterial 
composition and activity of the soil, the production of antifungal compounds fusaricidin A, B, 
C, and D and a significant decrease in the colony forming units of F. oxysporum f. sp. 
cucumerinum in treated soils (Zhang et al. 2008). 
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There are numerous reports on the infection and disease progression of F. oxysporum and a 
detailed factor is the disruption of the transport of water and nutrients in host plant vessels by 
the mycelium of F. oxysporum (de Boer et al. 2003; Hall et al. 2013). The resulting stress 
involves many physiological and biochemical changes (Magnoli et al. 1999; Hall et al. 2013), 
for example changes in enzyme activities, damage to membrane permeability and the 
development of vascular occulusions and tyloses. Inoculation of cucumber at the germination 
stage with the arbuscular mycorrhizal fungus, Glomus etunicatum, has been shown to reduce 
the disease caused by Fusarium oxysporum f. sp. cucumerinum (Hao et al. 2005). It was 
demonstrated that arbuscular mycorrhizal inoculation may have protected the membrane 
permeability and reduced the extent of the damage caused by F. oxysporum f. sp. 
cucumerinum. This indicates that the mycorrhizal fungus may influence plant secondary 
metabolites and increase resistance to wilt disease in cucumber seedlings and may therefore 
have some potential as a biological control agent (Hao et al. 2005) 
Control of F.oxysporum f. sp. cucumerinum through the use disinfection and solarisation of 
growth medium has proven to be effective (Neshev 2008; Ding et al. 2009). However, if F. 
oxysporum f. sp. cucumerinum also has an airborne phase then further control measures will 
be necessary to address the spread of the pathogen.  
Resistant root stock grafting has being widely used to control soil borne plant pathogens 
across Asia, and in the past decade in Europe (Giannakou and Karpouzas 2003; Miguel et al. 
2004; Cohen et al. 2007) and North America (Davis et al. 2008b; Taylor et al. 2008; 
Ricardez-Salinas et al. 2010). Grafting has provided a successful alternative replacement of 
chemicals that were previously relied upon to control soil borne pathogens, and has been 
driven by the efforts to reduce the use of soil fumigants such as methyl bromide. Despite the 
suspected aerial dissemination of F. oxysporum f. sp. radicis-cucumerinum, root grafting has 
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been adopted as an effective management tool for F. oxysporum f. sp. radicis-cucumerinum 
in cucumber greenhouses overseas (Pavlou et al. 2002). Bithell et al. (2012) suggested that 
root grafting can be a viable management tool of soil borne disease in high value crops in 
Australia, however, for effective introduction of grafting practice in Australia, cost 
effectiveness, disease risk assessments and pre-transplant site assessments are necessary to 
determine when grafted seedlings are required and for evaluating efficacy in relation to 
inoculum pressure. Determining whether airborne conidia pose risk to the introduction and 
dissemination of disease is essential in management of Fusarium wilt disease in greenhouse 
cucumbers.  
For the effective implementation of management practices, further investigation into the 
mechanisms for associated with spore release and dissemination of F.oxysporum f. sp. 
cucumerinum around the greenhouse and the role of air borne spores in the infection process 
and development of disease is required. Understanding this gap in the knowledge of the 
disease cycle and epidemiology of Fusarium wilt disease in cucumbers will aid further 
development of integrated management system comprising all elements of biological and 
cultural practices.  
 
1.7 Aim and scope 
The first stage of any integrated disease management plan is understanding the disease cycle. 
The intensive production of greenhouse cucumbers limits the ability to reduce the pathogen 
once established in the greenhouse. Management limitations of soil borne fungal diseases in 
greenhouse cucumbers, particularly F. oxysporum f. sp. cucumerinum, are due to the lack of 
knowledge surrounding the disease cycle. Understanding how Fusarium spores enter into a 
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soilless production system and move through the greenhouse will assist in the development of 
an integrated management plan to prevent entry into the greenhouse and reduce the spread of 
the disease.   
I will test the hypothesis that the entry and dispersal of F. oxysporum f. sp. cucumerinum in 
greenhouse cucumbers is due to an airborne phase, where conidia are released from 
sporulating stems in the later stages of disease expression.  Apart from determining the 
modes of entry into the greenhouse crop, understanding the mechanisms associated with 
airborne spore release will also provide valuable information to manage high aerial inoculum 
loads that are conductive to the pathogen dispersal. 
Greenhouse grown crops require constant maintenance including deleafing, training and 
harvesting. I will also test the hypothesis that these production activities play a role in the 
infection process as wounds on plants may be providing entry points for potentially airborne 
spores. Understanding the mode of infection, relationships and correlations between 
production practices, such as deleafing and the timing of spore release within the greenhouse 
environment will allow growers to be able to time production activities, avoiding when aerial 
inoculum is high, potentially reducing the ability for the fungus to infect the plant.  
I will also test the hypothesis that insect are vectors of F. oxysporum f. sp. cucumerinum in 
greenhouses, and will determine their significance in the spread of the pathogen within the 
crop. 
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The aims of this research thesis are to: 
1. Develop a specific diagnostic tool that will allow reliable detection and quantification 
of the pathogen in environmental samples. 
2. Determine the likely modes of entry of F. oxysporum f. sp. cucumerinum into a 
soilless protected cropping system. 
3. Investigate the possibility of an airborne phase of F. oxysporum f. sp. cucumerinum 
and the mechanisms associated with conidia release. 
4. Identify the role of airborne conidia in the disease cycle including their ability to 
infect stem and leaf tissue and determine the risks associated with aerial inoculum 
causing disease. 
5. Investigate the role and significance of insect vectors in the dispersal of F. oxysporum 
f. sp. cucumerinum in greenhouse cucumbers. 
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Chapter 2  
Development of molecular quantification assay 
 
2.1 INTRODUCTION 
Fusarium oxysporum Schlechtend. Fr. is a soil-inhabiting ascomycete that includes many 
non-pathogenic as well as host specific pathogenic strains (formae speciales). Consequently, 
the taxonomic classification and nomenclature of this fungal species is highly complex. 
Pathogenic species variability within host and cultivar range has led to the classification of 
over 100 formae speciales, races (Armstrong and Armstrong 1981; Michielse and Rep 2009) , 
vegetative compatibility groups (VCG’s) (Ahn et al. 1998; Vakalounakis and Fragkiadakis 
1999) and mating types (MAT) (Glass et al. 1992).  
Fusarium oxysporum f. sp. cucumerinum J.H Owen is responsible for vascular wilt in 
cucumber plants (Cucumis sp.; Owen 1955). Symptoms include necrotic lesions of the stem 
base, foliar wilting and eventually plant death (Owen 1955, 1956). F. oxysporum f. sp. 
cucumerinum has been identified in all cucumber growing regions around the world, 
including Australia (Martyn 1996; Wicks et al.1978) and has been documented as an 
important economic threat to cucumber producers (Jenkins and Wehner 1983; Martínez et al. 
2003; Martyn 1996; Neshev 2008). Management of Fusarium wilt disease is limited due to 
lack of understanding of the disease cycle, vector transmission, virulence and complexities 
regarding host range. Many plants have been recorded as asymptomatic carriers of both 
pathogenic and non-pathogenic species of F. oxysporum (Abdullah and Ismail 1976; Katan 
1971), and non-pathogenic isolates of F. oxysporum have been used as biological controls 
against pathogenic formae speciales (Alabouvette et al. 1993; L’Haridon et al. 2011; Paulitz 
et al. 1987; Postma and Rattink 1992). The development of effective management strategies 
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requires accurate identification and quantitative measurement of inoculum pressure to enable 
assessment of risk and potential crop loss.  
The development of molecular tools has allowed accurate and rapid identification of 
pathogenic races of F. oxysporum (Inami et al. 2010; Jimenez-Fernandez et al. 2010; Lievens 
et al. 2007). However, molecular discrimination of F. oxysporum formae speciales can still 
be complicated due the lack of knowledge surrounding the genetic basis of virulence (Di 
Pietro et al. 2003; Rep and Kistler 2010), the frequency of transposons, and the polyphyletic 
(Baayen et al. 2000; Bogale et al. 2006; Cramer et al. 2003; O’Donnell et al. 1998; 
Skovgaard et al. 2001), and monophyletic (Kistler 1997) origins of each formae speciales. 
This complexity within F. oxysporum has made it difficult to locate conserved genes that are 
useful as specific target sequences to identify individual pathogenic formae speciales.  
 
Lievens et al. (2007) developed specific Sequence-Characterized Amplified Region (SCAR) 
primers using Random Amplified Polymorphic DNA (RAPD) to identify F. oxysporum f. sp. 
cucumerinum. These SCAR primers represent a single copy per genomic DNA sequence and 
discriminate pathogenic F. oxysporum f. sp. cucumerinum from other pathogenic and non-
pathogenic F. oxysporum formae speciales, including F. oxysporum f. sp. radicis-
cucumerinum, a morphologically identical pathogen with the same host range, but expressing 
slightly different disease symptoms (Lievens et al. 2007; Vakalounakis 1996). Although 
these primers are useful as a robust diagnostic tool identifying F. oxysporum f. sp. 
cucumerinum in conventional PCR assays, it is difficult to apply these primers to quantitative 
real time PCR (qPCR) assays due to the large (865 base pair) product size, which reduces the 
efficiency, sensitivity and reliability of the assay (Capote et al. 2012)  
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Real time qPCR is a useful tool for the study of plant pathogen interactions, fungal biology 
and epidemiology. Disease management strategies require not only the detection and 
identification of destructive pathogens but also an understanding of the threshold inoculum 
pressure that results in economic loss, changes in the distribution of the pathogen, and an 
accurate understanding of the interaction between the pathogen and its biotic and abiotic 
environments. For these purposes, real time qPCR has many advantages that overcome the 
limitations of conventional PCR methods. Real time qPCR does not require the use of post 
PCR processing such as electrophoresis or hybridisation, thus avoiding the risk of carryover 
contamination and reducing assay labour and material costs (Capote et al. 2012). In addition, 
the sensitivity and specificity of qPCR allows the identification and accurate quantification of 
the target pathogen (Capote et al. 2012). 
 
This chapter describes the development of a suitable primer pair to accurately identify and 
quantify F. oxysporum f. sp. cucumerinum in a range of complex biological samples involved 
in the disease cycle of F. oxysporum including soil, host plant and potential insect vectors 
(El-Hamalawi 2008; Elmer 2008). Based on the established F. oxysporum f. sp. cucumerinum 
RAPD marker OPZ-12865 and specific SCAR primer pair Foc F1/Foc R2 (Lievens et al. 
2007), a highly sensitive F. oxysporum f. sp. cucumerinum specific 108 bp primer pair 
suitable for real time qPCR reactions was developed and optimised. Furthermore, due to the 
high sensitivity of these primers, their use as a diagnostic tool in conventional PCR is also 
described.  
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2.2 METHODS 
2.2.1 Primer design and specificity testing 
Using the software package Primer 3 (Rozen and Skaletsky 2000; version 4.0.0; 
simgene.com), a potentially conserved region, with a suitable size for a sensitive qPCR, was 
selected from within the RAPD marker OPZ-12865 sequence. The primers chosen for 
specificity testing were FocF8 5’-GCGTGTATTTGGCATGTTGC-3’(forward) and the 
original reverse FocR2 (5’- TCAACGGGACTCCCTTCG-3’; Figure 2.1) primer used by 
Lievens et al. (2007).  
Initially, the sequence of the designed specific primer was screened against the Genbank 
dataset to identify matches that may invalidate the specificity of the primers. To test that the 
primers were F. oxysporum f. sp. cucumerinum specific, a wide collection of F. oxysporum 
isolates, obtained from several freeze-dried culture collections including the Royal Botanic 
Gardens Sydney Fusarium collection and the Fusarium collection from Elizabeth Macarthur 
Agricultural Institute, Department of Primary Industries, NSW, were tested using PCR (Table 
2.1). Cultures were grown on ¼ potato dextrose agar at 24˚C for 10 days (¼ PDA; Burgess et 
al. 1994). 
The PCR reaction was initially optimized using F. oxysporum f. sp. cucumerinum gDNA to 
determine the most suitable annealing temperature. The 12 μL PCR mixture contained 7.7 μL 
of sterile water, 2.4 μL of 5 x buffer, 1.2 μL of dNTP (2mM), 0.6 μL of MgCl2 (50 mM), 0.3 
μL of FocF8 (10 µM) and 0.3 μL of FocR2 (10 µM), 0.12 μL of Taq polymerase (Mango 
Taq; Bioline, Sydney, Australia) and 0.6 μL of DNA template with thermocyclic conditions 
as follows: initial denaturation of 5 min at 95°C, followed by 45 cycles of 30 sec at 95°C, 30 
sec at 65°C, 30 sec at 72°C and a final extension period of 5 min at 72°C. In order to confirm 
specificity in accordance with the specific FocF1 and FocR2 primers used by Lievens et al. 
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(2007), these published SCAR primers were also screened against the same Fusarium 
collection. 
 
47 
 
Figure 2.1 Schematic diagram of primer design of Foc F8 and Foc R2 (108 bp) suitable for quantitative real time PCR of Fusarium oxysporum f. 
sp. cucumerinum. Forward primer Foc F8 anneals at nucleotide 758 within the RAPD marker OPZ-12 865bp (Lievens et al. 2007).  
 
 
 
FocF1 5’-TCAACGGGACACTTTATGTTC-3’-------------------------------------------------------------------------------------------------3’-CGAAGGGAGTCCCGTTGA-5’ FocR2 
 
 
 
                                                                                                                      FocF8 5’-GCGTGTATTTGGCATGTTGC-3’-----------3’-CGAAGGGAGTCCCGTTGA-5’ FocR2 
RAPD marker 865bp (Lievens et al. 2007) 
RAPD marker (108 bp) suitable for qPCR 
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2.2.2 PCR sensitivity 
The gDNA detection limit of F. oxysporum f. sp. cucumerinum specific primers FocF8 and 
FocR2 was initially compared with the F. oxysporum f.sp cucumerinum specific primers 
FocF1 and FocR2 of Lievens et al. (2007). The detection sensitivity of simple and pseudo-
nested PCR was determined for both primer pairs by serially diluting gDNA of F. oxysporum 
f. sp. cucumerinum from 10 ng/μL to 1.0 fg/μL in sterile water and 1.0 μL of each dilution 
was used as the template in PCR using the conditions previously described. The starting 
gDNA concentration was first determined on the Qubit Fluorometer; ds DNA assay 
(Invitrogen: Life Technologies, Carlsbad, CA, USA). In this study, simple PCR refers to the 
first PCR reaction that is conducted as described above. Pseudo nested PCR refers to a 
second PCR reaction that uses the product from the first PCR reaction as the template, with 
the same primers, concentrations and thermocyclic conditions previously described.  
 
2.2.3 Optimisation and sensitivity of quantitative PCR 
All real time qPCR reactions were performed using 2 X SYBR Green HotStart (Roche 
Products Pty Ltd, Dee Why, NSW, Australia) on an Illumia Eco lightcycler (Illumina, Inc. 
San Diego, CA, USA). Reaction conditions including the reaction volume, annealing 
temperature, primer concentration and temperature to measure the fluorescence signal of the 
amplicon were adjusted experimentally to optimize the real-time qPCR protocol. The 
suitability of the FocF8 and FocR2 primers for quantitative PCR, including the efficiency, 
reliability and detection sensitivity in that system was determined by using a serial dilution 
from 106 copies/μL to 1 copy/μL of purified PCR product (calculated based on the product 
size of 108 bp) in sterile deionised water. The 10 μL reaction mix consisted of 2×SYBR 
Green HotStart (Roche), 1.67 mM of each primer and 1.0 μL of template DNA. The 
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lightcycler conditions were as described above for conventional PCR, however after the final 
amplification cycle, a melting curve temperature profile was obtained by heating to 95°C, 
cooling to 72°C, and slowly heating to 95°C at 0.5°C every 10 s with continuous 
measurement of fluorescence at 520 nm. The melt-curve peak was displayed graphically as 
relative fluorescence units versus temperature (d/ dt).  
 
2.2.4 Quantitative PCR within complex environmental DNA 
To determine whether the sensitivity would be robust in biological samples, the qPCR assay 
was validated by mixing serial dilutions from 106 copies/μL to 1 copy/μL of purified PCR 
product with 10 ng/μL of fixed background DNA extracted from a range of appropriate 
complex biological samples including field soil collected from an avocado orchid in 
Duranbah, northern NSW Australia, cucumber root tissue (Cucumis sativus cv. Deena) from 
one month old seedlings grown in a glasshouse and sciarid flies collected from a glasshouse 
using a handheld vacuum. DNA was extracted from the plant, sciarid fly and soil samples 
using the PowerSoil® DNA Isolation Kit (Mo Bio Laboratories Inc. Carlsbad, CA, USA).  
This kit was used to remove organic compounds found in the environmental samples, such as 
humic acid in soil that can inhibit the enzymes in PCR reactions (Porteous and Armstrong 
1991; Tsai and Olson 1992; Dineen et al. 2010). To demonstrate that the environmental 
samples were negative for F. oxysporum f. sp. cucumerinum prior to spiking them with the 
target DNA, 1.0 μL of each DNA extracted from the environmental samples was amplified 
separately with primers FocF8 and FocR2 before mixing the target DNA. The resultant PCR 
products were separated by electrophoresis. Each standard curve always included the 
environmental DNA alone and no DNA as negative controls. Three independent DNA 
standard curves were obtained using independent plant, soil and sciarid fly sources. Each 
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standard curve included two replications of the amplification reaction for the dilutions 106 
copies/μL, 105 copies/μL, 104 copies/μL, 103 copies/μL, 102 copies/μL, and four replications 
for the dilutions 10 copies/μL and 1 copy/μL. The average of the Ct values was calculated 
and plotted against the log of the known copy numbers to construct the standard curves. All 
quantitative PCR reactions were performed using the conditions previously described and 
included a common DNA standard curve to compare variability between and within 
experiments.   
 
2.2.5 Gel electrophoresis of products 
All reactions were analysed by agarose gel (1.5 % w/v) electrophoresis, to confirm that only 
one product was amplified from the samples containing gDNA of F. oxysporum f. sp. 
cucumerinum and no amplification product was present in the negative controls. 
Electrophoresis was carried out at 80 V for 60 minutes after which the gels were imaged 
using digital photography on a UV transilluminator (Biorad, AUS).  
 
2.2.6 DNA sequencing  
Amplified PCR products from assays of target DNA in background DNA were purified using 
Bioline purification kit, quantified using the Qubit Fluorometer, ds DNA (Invitrogen) and 
sent for direct DNA sequencing (Australian Genome Research Facility, Sydney). PCR 
amplicons were sequenced using the FocF8 and FocR2 primers.  
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2.2.7 Data analyses 
The cycle threshold (Ct) value for each reaction was calculated first by determining the PCR 
cycle number at which the fluorescence signal exceeded background fluorescence levels. To 
compare and establish relationships among the different DNA standard curves generated in 
the presence of different environmental background DNA treatments, the threshold position 
was manually defined where the efficiency was constant and fixed at the same position for all 
treatments. The amplification efficiency (AE) was calculated from the slopes of the standard 
curves using the equation AE = 10(1/slope) – 1 × 100. 
All standard regression lines obtained from F. oxysporum f. sp. cucumerinum gDNA in the 
presence and absence of different environmental background DNA were statistically 
compared for homogeneity of variance (P ≥ 0.05) and for equality of slopes and intercepts 
using Linear regression analysis (P < 0.05; Genstat 13.0).  
 
2.3 RESULTS 
2.3.1 Specificity of F. oxysporum f. sp. cucumerinum quantitative primers  
A region ideal for qPCR reactions and specific to F. oxysporum f. sp. cucumerinum was 
identified within the RAPD OPZ-12865 marker. Replacing the forward primer FocF1 (Lievens 
et al. 2007) with a new 20 bp primer designed to anneal at nucleotide 758 of the RAPD OPZ-
12865 marker, the new forward primer FocF8 (5’-GCGTGTATTTGGCATGTTGC-3) in 
combination with FocR2 (5’-TCAACGGGACTCCCTTCG-3’) showed specificity to F. 
oxysporum f. sp. cucumerinum in the collections tested with parallel specificity to the SCAR 
primers FocF1 and FocR2 (Lievens et al. 2007) tested against the same collection (Table 
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2.1). Amplification in conventional and quantitative real time PCR with an annealing 
temperature of 65°C produced a single 108 bp PCR product.  
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Table 2.1 Fusarium oxysporum and related species used in this study 
     Specificity obtained with SCAR 
primers  
Isolate Source 
Collection* 
Host Origin  Year of 
Isolation 
FocF1/FocR2  FocF8/FocR2 
F. verticilloides       
01/740#2 EMAI Cucumis sativus West Hoxton NSW 2001 - - 
       
F. oxysporum f. sp. cucumerinum       
01/519 EMAI Cucumis sativus Austral NSW 2001 - - 
01/740#1 EMAI Cucumis sativus West Hoxton NSW 2001 - - 
01/768 EMAI Cucumis sativus Narara NSW 2001 - - 
01/506 EMAI Cucumis sativus Rossmore NSW 2001 + + 
01/533 EMAI Cucumis sativus Rossmore NSW 2001 + + 
01/1083 EMAI Cucumis sativus Virginia SA 2001 + + 
02/441-cucA EMAI Cucumis sativus Baldivis WA 2004 + + 
03/372 EMAI Cucumis sativus Bringelly NSW 2003 + + 
       
 
F. oxysporum f. sp. conglutinans 
      
F1578 RBG Brassica oleracea Unknown  + + 
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F. oxysporum f. sp. cubense       
F1579 RBG Musa sp.  Unknown  - - 
F. oxysporum f. sp. fragariae       
F1580 RBG  Fragaria sp. Unknown  - - 
F. oxysporum f. sp. lycopersici       
F1581 RBG  Solanum lycopersicum Unknown  - - 
F4273 RBG  Solanum lycopersicum Unknown  - - 
F. oxysporum f. sp. medicaginis       
F1582 RBG  Medicago sativa Unknown  - - 
F. oxysporum f. sp. niveum       
F1583 RBG  Cucumis lanatus Unknown  - - 
03/237 EMAI Cucumis lanatus Swan Hill VIC 2003 - - 
F. oxysporum f. sp. passiflorae       
F1584 RBG  Passiflora sp. Unknown  - - 
F. oxysporum f. sp. pisi       
F19447 RBG  Pisum sativum Kemps Creek NSW 2006 - - 
F19442 RBG  Pisum sativum Horsley Park NSW 2006 - - 
F19432 RBG  Pisum sativum Horsley Park NSW 2006 - - 
F19176 RBG Pisum sativum Bairnsdale VIC 2006 - - 
F19181 RBG  Pisum sativum Bairnsdale VIC 2006 - - 
F19202 RBG  Pisum sativum Waiwera VIC 2006 - - 
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F19098 RBG  Pisum sativum Korumburra VIC 2006 - - 
F19436 RBG  Pisum sativum Horsley Park NSW 2006 - - 
F19224 RBG  Pisum sativum Waiwera VIC 2006 - - 
F19420 RBG  Pisum sativum Horsley Park NSW 2006 - - 
F19096 RBG  Pisum sativum Korumburra VIC 2006 - - 
F19487 RBG  Pisum sativum Horsley Park NSW 2006 - - 
F19240 RBG  Pisum sativum Bairnsdale VIC 2006 - - 
F19107 RBG  Pisum sativum Wy-yung VIC 2006 - - 
 
*EMAI – Elizabeth Macarthur Agricultural Institute, NSW Department of Primary Industries 
 RBG –Royal Botanic Gardens – Sydney, Mrs Macquaries Road, Sydney, NSW
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2.3.2 PCR sensitivity 
Serial dilution and amplification of F. oxysporum f. sp. cucumerinum genomic DNA using 
FocF1 and FocR2 specific primers (Lievens et al. 2007) under the standard PCR conditions 
demonstrated that the PCR was able to detect 10 pg of template DNA (Figure 2.2.a). The 
pseudo-nested PCR could detect as little as 1 pg of DNA (Figure 2.2.b). However, the shorter 
fragment primers FocF8 and FocR2 could detect 10 pg in the simple PCR (Figure 2.3.a) and 
as little as 10 fg in the pseudo-nested PCR (Figure 2.3.b).  
The primers FocF8/FocR2 were also shown to be suitable for qPCR. Producing standard 
curves using a serial dilution of copy numbers of PCR template from 106 copies/μL to 1 
copy/μL showed a reliable detection limit down to 100 copies /μL with a Ct= 30.9. The 
primers could detect as few as 10 copies /μL with a Ct = 33.1 (average), however at this 
concentration the efficiency of the reaction decreased, making quantification less reliable. 
Gel electrophoresis showed that the amplicons were of the predicted size (108 bp). The 
standard curve without background DNA showed a linear correlation between the logarithm 
of the concentration and the threshold cycle (Ct) values with a correlation coefficient (r2) of 
0.9943. The relationship between Ct values and the copy numbers were expressed by the 
equation y = -3.2549x + 37.574. The dissociation melt-curves showed that all the amplicons 
had a melting temperature of 82.2oC, confirming the amplification of a single product in the 
reaction (Figure 2.4).  
The presence of background DNA from plant, soil and sciarid fly DNA in a five point 
standard curve did not significantly influence the sensitivity of the reaction (Figure 2.5). 
However, inclusion of the Ct values of 10 copies/μL and 1 copy/μL in the regression reduced 
the efficiency, so in the presence of 10 ng/μL background DNA the accurate limit of 
detection, maintaining efficiency between (AE= 99-106%), was set at 100 copies/μL.  
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Standard regression lines obtained for all combinations showed highly reproducible 
amplicons, high efficiency (AE= 99-106%) and high correlation coefficient (r2 = 0.933-
0.994). One-way ANOVA analysis of the Ct values derived from soil, plant and sciarid 
background DNA standard curves indicated homogeneity of variances (P ≥ 0.05; Table 2.3). 
Statistical comparisons of the standard regression lines of the three standard curves developed 
in the presence of background DNA indicated lack of significant differences between slopes 
(P < 0.05), however differences were observed in the intercepts where soil (P = 0.0025) and 
plant DNA (P = 0.0555) were present (Table 2.3).  
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Figure 2.2 1.5% agarose gel of PCR product generated by FocF1 and FocR2. (a) Primary 
PCR using serially diluted genomic DNA from F. oxysporum f.sp cucumerinum isolate 47 as 
template. (b) Pseudo nested PCR using the corresponding product from the primary PCR as 
the template.    DNA ladder, -ve = negative control. 
 
 
 
Figure 2.3 1.5% agarose gel of PCR product generated by FocF8 and FocR2. (a) Primary 
PCR using serially diluted genomic DNA from F. oxysporum f.sp cucumerinum isolate 47 as 
template. (b) Pseudo nested PCR using the corresponding product from the primary PCR as 
the template.    DNA ladder, -ve = negative control. 
(a) ng pg fg -ve 
1 10 1 100 10 100 10 
(b) ng pg fg -ve 
1 10 1 100 10 100 10 
1 10 1 100 10 100 10 1 10 1 100 10 100 10 
ng pg fg -ve ng pg fg -ve (a) (b) 
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Figure 2.4  Melt-curve analysis showing a single peak (amplification product) with a melting 
temperature of 82.2oC, confirming specificity of the reaction. Negative controls indicated by 
baseline fluorescence with no DNA present.  
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Table 2.2 Sensitivity of F. oxysporum f. sp. cucumerinum (Foc) specific primers used in quantitative PCR (qPCR) assays using a known dilution 
series of purified PCR product of FocF8 and FocR2 in sterile water or in background DNA from soil, sciarid flies and plant tissue. 
Standard curves were obtained by serially diluting the purified target copy of F. oxysporum f. sp. cucumerinum specific primers FocF8 and FocR2 from 106 
copies/µL to 1 copy/µL of DNA per PCR reaction in sterile distilled water (Water/Foc; 0 ng background DNA) or in DNA extracted from soil (soil/Foc; 10 
ng background DNA), host plant Cucumis sativus DNA (plant/Foc; 10 ng background DNA) or  sciarid fly DNA (fly/Foc; 10 ng background DNA)  to 
investigate the possible influence of complex environmental samples on PCR reactions. Ct values were set at a constant threshold were efficiency was 
constant. Numbers shown in the quantitative PCR assays correspond to Ct values ± standard deviation from three independent standard curves, with two 
replications for 106 copies/µl  to 102 copies/µl  or four replications of 10 copies/µl and 1 copy/µl within each plate. na = no amplification. 
 
 
 
PCR Protocol DNA Background 
DNA (ng/µl) 
Log copy number of F. oxysporum f. sp. cucumerinum (Foc F8, Foc R2) Negative 
controls 
        6  5 4 3 2 1 0 
Quantitative water/Foc 0 17.7±  0.04 21.5 ± 0.07 24.6 ± 0.5 27.9 ± 0.4 30.9 ± 0.4 33.1 ± 0.7 31.2 ± 0.2 -/- na 
 soil/Foc 10 16.0 ± 0.3 20.1 ± 1.3 23.8 ± 1.2 26.5 ± 0.3 29.6 ± 1.1 29.4 ± 2.5 31.2 ± 0.3 -/- na 
 fly/Foc 10 18.3 ± 0.8 21.0 ± 0.06 25.4 ± 0.09 28.5 ± 0.7 31.0 ± 0.3 33.5 ±0.4 32.1 ± 0.1 -/- na 
 plant/Foc 10 16.6 ± 1.5 19.8 ± 0.1 24.8 ± 1.3 26.7 ±1.1 27.9 ± 0.4 28.5 ± 0.6 28.5 ± 0.6 -/- na 
61 
 
Figure 2.5 Standard regression lines of a five point 10-fold serial dilution of F. oxysporum f. sp. cucumerinum (A) in water /no background 
DNA, (B) in soil background DNA 10 ng, (C) in sciarid fly background DNA 10 ng, (D) in cucumber root background DNA 10 ng. 
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Table 2.3 Standard regression equations from five point 10 fold serial dilutions of FocF8 and FocR2 F. oxysporum f. sp. cucumerinum (Foc) 
copy number from 106 copies/µL to 102 copies/µL diluted in sterile deionized water or in soil DNA (10 ng) cucumber root DNA (Cucumis 
sativus cv. Deena; 10 ng) and sciarid fly DNA (10 ng). a Statistical analysis to test homogeneity of variance (P ≥ 0.05) and b equality of slopes 
and intercepts (P < 0.05).   
F. oxysporum f. sp. cucumerinum 
DNA/environmental background 
DNA 
    P value b 
 Intercept Slope AE (%) R2 Intercept Slope 
Foc/water 37.57 -3.254 103 0.994 - - 
Foc/soil 36.56 -3.334 99 0.971 0.0025 0.6352 
Foc/plant 36.22 -3.194 106 0.933 0.0555 0.4481 
Foc/sciarid fly 37.72 -3.224 104 0.985 0.3361 0.987 
P value a 0.0068 0.6196     
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2.4 DISCUSSION  
In this study F. oxysporum f. sp. cucumerinum specific primers have been developed that can 
reliably detect and quantify the pathogen in a range of complex environmental samples. 
Specificity testing against a wide collection of Fusarium isolates, including pathogenic and 
non-pathogenic formae speciales showed reasonable specificity for F. oxysporum f. sp. 
cucumerinum isolates. The comparison of FocF8 and FocR2 primers with FocF1 and FocR2 
primers showed parallel specificity against the isolates tested in this study, including the cross 
reaction with F. oxysporum f. sp. conglutinans reported by Lievens et al. (2007). F. 
oxysporum f. sp. pisi, was not included in the specificity testing in Lievens et al. (2007), 
however did not produce a product when screening both primer pairs. No homology to any 
sequence present in public databases was found.  
Since the product fragment of primers FocF8/FocR2 is shorter than the previously designed 
F. oxysporum f. sp. cucumerinum specific primers (Lievens et al. 2007), the new primers 
have a higher sensitivity in simple, pseudo nested and quantitative PCR and thus a wider 
application in diagnostics and epidemiology. Comparatively, the shorter PCR primers FocF8 
and FocR2 can detect two orders of magnitude less DNA in pseudo nested PCR than 
FocF1/FocR2. The fragment length of these primers allows them to be highly efficient (AE= 
99-106%) and sensitive, reliably detecting as few as 100 copies/μL in quantitative PCR, 
which equates to 0.0118 fg DNA/μL.  
The specificity of the qPCR reaction was not affected by the presence of non-target DNA. 
Hayden et al. (2004) reported that the temperature at which double stranded DNA fragments 
are completely denatured into single strands depends on the size of the fragments and on their 
guanine – cytosine content, making melt curve analysis a reliable tool for determining primer 
specificity. Direct sequencing of PCR products generated from samples containing 
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background DNA from soil, plant and insects and DNA of the known Fusarium species 
showed that the PCR primers were specific for F. oxysporum f. sp. cucumerinum, and that 
background DNA did not obscure the results by amplifying other sequences from the 
numerous other fungi present in these environmental samples.   
Detection limits have been developed for the quantification of other Fusarium spp. (Filion et 
al. 2003), F. oxysporum (Jimenez-Fernandez et al. 2010) and formae speciales of F. 
oxysporum in plant or soil samples (Lievens et al. 2006; Pasquali et al. 2004, 2006; 
Zambounis et al. 2007). In these studies quantification limits were based on the standard 
curves derived from target DNA concentration, not copy number of the target sequence. It is 
important to note the differences between DNA concentration and copy number of the 
template. In my study, 100 copies of the template sequence were equivalent to 0.0118 fg 
DNA/μL. This concentration would not be reliably detected using primers with a detection 
limit of 10 fg/μL, for example F. oxysporum f. spp. primers (Jimenez-Fernandez et al. 2010). 
When quantifying the conidial concentration of F. oxysporum f. spp. in environmental 
samples it is necessary to take into account that macroconidia are multi celled and each 
conidium contains several nuclei and thus copy numbers. To our knowledge, the few studies 
that have attempted to quantify fungal conidia in environmental samples have not considered 
the presence of multicellular conidia. Using qPCR to determining spore number of Fusarium 
spp. from copy number may challenge the accuracy of results. 
The primers FocF8 and FocR2 are highly sensitive and are suitable for detecting low 
concentrations of target DNA commonly associated with environmental samples. Potential 
contamination risks are also associated with using ultra-sensitive short DNA fragments 
(Champlot et al. 2010). Particularly in nested PCR, when these short DNA fragments occur at 
high concentrations, the threat of DNA aerosols, carry over contamination to reagents, 
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laboratory surfaces and samples increases (Champlot et al. 2010).  Although these primers 
are ultra-sensitive in conventional PCR, this potential for contamination highlights the 
advantage of quantitative real-time PCR, where the risk of carryover contamination is 
reduced in a robust one-step identification and highly sensitive quantification procedure. In 
addition, organic compounds, particularly humic substances in soil samples, can inhibit the 
enzymes used in PCR reactions, including restriction endonucleases and Taq DNA 
polymerase, limiting the detection of target DNA in environmental samples (Porteous and 
Armstrong 1991; Tsai and Olson 1992; Dineen et al. 2010).  
The primers developed in this Chapter can be used for the accurate detection and 
quantification of F. oxysporum f. sp. cucumerinum in complex matrixes, including potential 
insect vectors, soil and host substrates. The accurate detection and quantification of the target 
DNA in these sample types provides a valuable tool in epidemiological studies where 
detection is often limited by the specificity and sensitivity of technique. 
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Chapter 3   
Spore release patterns of F. oxysporum f. sp. cucumerinum in commercial 
multi-span cucumber greenhouses 
3.1 INTRODUCTION 
In commercial cucumber greenhouses Fusarium oxysporum f. sp. cucumerinum is a highly 
destructive pathogen for which there are few control measures available. Using soilless media 
in greenhouse cropping aims to reduce disease incidence by excluding soil borne pathogens 
from the system (Jarvis 1989), however our limited understanding of the disease cycle and 
epidemiology of many fungal plant pathogens has allowed soil borne fungal pathogens to 
enter and persist in soilless greenhouse production systems. Understanding how pathogens 
invade protected cropping systems will improve our ability to exclude them.  
Early studies of Fusarium oxysporum f. sp. radicis-lycopersici, causing crown and root rot of 
tomato, suggest that the introduction of the pathogen into greenhouse crops occurs by 
randomly distributing infected seedlings within the greenhouse during planting (Jarvis 1988). 
Following introduction, the pathogen disseminates along the planting rows to neighbouring 
plants by root to root contact (Jarvis 1988; Rekah et al. 1999). However, in greenhouse crops 
that grow plants in single isolated substrate bags, the dissemination of the pathogen cannot 
occur along the rows through root contact with infected neighbouring plants. This suggests 
that there are other modes by which soil borne pathogen spread in soilless greenhouse crops. 
Poor crop hygiene practices, including insufficient sanitation of irrigation lines in recycled 
water-nutrient systems (Jarvis 1989), infrequent removal of organic crop waste and use of 
infected growth substrates, particularly by reusing media, has led to the introduction, survival 
and propagation of plant pathogens in greenhouse crops (Postma et al. 2000). Wohanka 
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(2003) showed that without the correct filtration and sanitation, Fusarium foetens in irrigation 
water could enter and spread rapidly in greenhouses.  
Plant pathogens have also been shown to enter greenhouses by airborne inoculum. Rowe et 
al. (1977) reported that airborne microconidia of F. oxysporum infected freshly steamed soil 
in tomato greenhouses. The source of inoculum was found on straw mulch and partially 
decomposed tomato vines in dump piles outside the tomato greenhouse. This study shows 
that while organic waste can provide a source for the survival of the pathogen, entry of F. 
oxysporum into tomato greenhouses that utilise soilless growth substrates can be due to the 
aerial inoculum of the pathogen.  
F. oxysporum is considered a soilborne pathogen, however, stem sporulation and aerial 
dissemination of F. oxysporum f. sp. radicis-lycopersici (Sato et al. 1974) and F. oxysporum 
f. sp. radicis-cucumerinum (Vakalounakis 1996; Punja and Parker 2000; Cerkauskas and 
Brown 2001; Moreno et al. 2001) is considered typical of these pathogens. Stem sporulation 
and aerial spore liberation was not originally recognised in the disease cycle of F.oxysporum 
f. spp. (Beckman 1987), however, more recent studies of the disease cycle of F.oxysporum f. 
spp. have since suggested a potential airborne phase, where aerial conidia play a role in the 
dissemination of the pathogen. Gamliel et al. (1996) reported a sporulating layer of F. 
oxysporum f. sp. basilica on the stem of sweet basil and Katan et al. (1997) reported F. 
oxysporum f. sp. lycopersici on stem surfaces of tomato plants. In both studies, propagule 
trapping revealed that conidia were airborne. The authors proposed that the mechanisms for 
release of conidia was linked to environmental conditions, including fluctuations of 
temperature and relative humidity, however experiments to confirm this hypothesis were not 
included in their studies. To my knowledge, there are no published reports describing the 
mechanisms of aerial spore release of F. oxysporum.  
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Spore liberation is triggered by a diversity of passive and active influences. Although changes 
in relative humidity have been shown to influence the active mechanisms for spore release 
(Lacey 1996; Paulitz 1996; Byrne et al. 2000; Rossi et al. 2002; Blanco et al. 2006; Granke et 
al. 2010), through hydroscopic twisting, water rupture and rain splash, Butt (1978) proposed 
that variation in sensitivity to relative humidity between species is due to differences in the 
hygroscopic properties of the spore wall. Alternatively, passive mechanisms for spore release 
have been attributed to shedding under gravity, shedding under convection currents, deflation 
and mechanical disturbance (Lacey 1986).  
Understanding the disease cycle of pathogens is essential to implement preventative measures 
to reduce the entry and dissemination in greenhouse crops.  In a production system that relies 
on providing an optimal environmental for plant productivity of a monoculture crop, ensuring 
that the greenhouse excludes pathogenic propagules through sanitation, prior to planting, is 
fundamental. Determining whether airborne conidia pose a risk through the introduction and 
dissemination of disease is essential in management of Fusarium wilt disease in greenhouse 
cucumbers.   
Traditionally, measurements of airborne inoculum used colony counts on selective media 
spore traps or filter paper spore traps (Gregory 1973; Lacey 1996). These methods rely on the 
germination of the spores for colony formation. The procedure also limits the trapping period, 
as plates dry or can become overcrowded or overgrown with contaminants, presenting 
problems for accurate colony counting. Air sampling equipment that does not utilise media, 
such as tape samples, are useful for sampling over long periods of time (Brown and Jackson 
1978). However, for accurate identification of F. oxysporum f. spp. conidia, colonies require 
subculture and molecular confirmation of the pathogenic formae speciales, as different 
formae speciales are morphologically identical, identification and counting based on 
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morphology alone can be inaccurate. DNA-based approaches offer a more sensitive and 
accurate quantification of F. oxysporum f. sp. cucumerinum from environmental air samples.   
The limited knowledge of the aerial phase of F. oxysporum f. sp. cucumerinum prevents the 
management of the disease in Australia. Resistant root stock grafting has proved to be an 
effective management tool for F. oxysporum f. sp. radicis-cucumerinum in cucumber 
greenhouses overseas, despite the presence of an aerial phase (Pavlou et al. 2002). The 
economic viability of resistant rootstock grafting as a successful management practice for 
soilborne disease in Australia greenhouse crops is currently being debated. Bithell et al. 
(2012) argue that for effective introduction of the grafting practices adopted overseas, disease 
risk assessments and pre-transplant site assessments is required to evaluate efficacy in 
relation to inoculum pressure. Determining whether airborne conidia are a risk for the 
introduction and dissemination of disease is essential to manage Fusarium wilt disease in 
greenhouse cucumbers. 
This chapter describes experiments designed to: 
i. Test for modes of pathogen entry and propagation associated with crop sanitation.  
Hypothesis: inoculum enters the greenhouse through contaminated irrigation 
water and the reuse of contaminated growth medium.  
ii. Test for an aerial phase in the disease cycle of F. oxysporum f. sp. cucumerinum.  
Hypothesis: F. oxysporum f. sp. cucumerinum conidia are airborne. 
iii. Examine environmental factors that may prompt spore release;  
Hypothesis: spore release is prompted by fluctuations in relative humidity and 
temperature.   
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The aim of these experiments was to enable development of management interventions, 
associated with aerial inoculum that will prevent the pathogen entry and dissemination in 
cucumber greenhouses.  
 
3.2 METHODS 
3.2.1 Site description and crop management  
All sampling throughout this study was conducted on the premises of a commercial cucumber 
and tomato producer located at Rossmore, Sydney. This hydroponic farm is based on medium 
technology multispan greenhouses. Nutrient water flows through a non-recycled dripper unit 
at scheduled intervals and opening the side doors facilitates ventilation of the greenhouse. 
During summer cooling fans are operated and during winter months the greenhouse is heated 
to maintain optimal temperatures, however temperature is not monitored and fans and heaters 
are not automatically operated.  
Cucumbers are grown in rotation with tomatoes. In most cases, coir peat bags are used twice 
in the rotation, with either tomatoes or cucumbers being the initial crop, followed by the 
alternative crop. In 2011, the initial crop planted in the coir peat bags was cucumbers, and in 
2012 tomatoes had been previously grown in the coir peat. Before planting the new crop, the 
greenhouse benches and floor were surface sterilised, and irrigation lines were flushed with 
hydrogen peroxide. Weeds from around the greenhouse edge were removed.  
Two seedlings were planted in each opening in the coir peat bags, with an irrigation dripper 
to supply water and nutrients placed in the peat next to the plants. After 2 or 3 weeks, 
seedlings were tied to a string for support for growing and climbing. The first fruit were 
harvested five to six weeks after planting and harvest continued for approximately the next 
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six to eight weeks, depending on disease development, insect pressures or temperature 
extremes.  
Apart from fruit harvest, other management activities included ‘deleafing’ or removing 
foliage from the lower stem of the plants to stimulate fruit production and reduce the 
humidity of the crop canopy to reduce powdery and downy mildew attack. Crops are 
minimally and strategically sprayed to control whitefly outbreaks and powdery mildew 
damage.  
 
3.2.2 Detection of Fusarium oxysporum f. sp. cucumerinum in greenhouse 
3.2.2.1 Peat sampling 
In 2012 a total of 30 peat samples were taken throughout the crop at planting time. This peat 
had been previously used to grow tomatoes. Samples were taken 10 meters apart from every 
second row in the greenhouse.  Peat samples were composed of approximately 20 grams 
taken from three places around the seedling within the peat growth bag. Samples were mixed 
and kept at 4˚C until DNA extractions were conducted (3.2.6). Samples were recorded as 
either positive or negative for F. oxysporum f. sp. cucumerinum using specific marker 
detection in PCR.  
 
3.2.2.2 Water sampling 
Water was sampled from the holding tank, irrigation lines and drippers. Water in the 
irrigation lines was sampled by removing the dripper. Water was collected from the different 
irrigation lines in the greenhouse and pooled to make a 10 L sample. A combined 10 L of 
water was sampled throughout the greenhouse, directly from the drippers. Ten litres was also 
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sampled from the holding tank. Water in the holding tank is supplied from Sydney water 
mixed with rainwater runoff from greenhouse roof structures. The water samples were 
vacuum filtered through 45 µm filter membranes that were then placed into screw-capped 
tubes for total DNA extraction (3.2.6). Samples were recorded as either positive or negative 
for F. oxysporum f. sp. cucumerinum using specific marker detection in PCR.  
 
3.2.2.3 Air sampling  
3.2.2.3.1 Automatic mini cyclone air sampler 
Through the winter crops of (April – July) 2011 and 2012, airborne particles were sampled 
using an automatic mini cyclone air sampler (Burkard Manufacturing Co. Ltd., 
Rickmansworth, Hertfordshire, UK; Figure 1). The sampler was placed in the middle of the 
greenhouse where air samples were taken in 2 hour periods every 3 hours, allowing 8 samples 
throughout a 24 hour period. The samples were taken at a fixed height of 125 cm above the 
ground. The sampler operates at a fixed rate of 16.5 L of air per minute and collects airborne 
particles into a standard 1.5 mL Eppendorf tube. Total DNA was extracted from the air 
samples and analysed for copy number of F. oxysporum f. sp. cucumerinum and F. 
oxysporum f. sp. lycopersici using quantitative real time PCR as described in 3.2.6. 
Each week at sampling, the current greenhouse activity (planting, tying, picking, deleafing) 
and crop stage (flowering, fruiting) was recorded.  
 
3.2.2.3.2 Volumetric spore sampler 
In 2012 macro and microconidia release patterns were also investigated using a volumetric 
spore sampler (Burkard Manufacturing Co. Ltd., Rickmansworth, Hertfordshire, UK; Figure 
1). The volumetric sampler was place in the middle of the greenhouse next to the automatic 
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mini cyclone air sampler. The air samples were taken at the fixed height of 94 cm above the 
ground. Airborne particles entered the sampler, impacted onto a disk rotating at a speed of 2 
mm/ hour with a collection rate of 10 L/min. The disk was covered with a 14 mm wide tape 
coated with a thin layer of silicon. The tape was replaced every 7 days and dissected for 
microscopic examination. Macro and micro conidia were counted by scanning transects 
across the tape under a light microscope in 2 hour sections (1200 L/sample) across a 24 hour 
period to correspond with the timing of the automatic cyclone air sampler. F. oxysporum 
macro and micro conidia were identified based on their characteristic size and shape. 
Microconidia were between 7-15 µm long with an oval or elliptical shape, while 
macroconidia were 40-50 µm long with 3-5 septa, slender, slightly curved and hooked ends 
(Burgess et al. 1994). 
 
 
 
 
74 
 
 
 
 
 
Figure 3.1 Burkard mini cyclone airsampler, fixed height of 125 cm (back) and Burkard 
volumetric spore sampler fixed height of 94 cm (front).  
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3.2.3 Greenhouse environmental monitoring 
Environmental conditions within the greenhouse were obtained using USB Digitech 
temperature and relative humidity data loggers. The data loggers have a resolution of 0.1% 
humidity and 0.1˚C temperature and a temperature range of -40˚C to 70˚C (± 1˚C) and 
relative humidity range of 0 to 100% (± 3%). Two data loggers placed on the cyclone air 
sampler. Temperature and relative humidity recordings were taken automatically every hour. 
Data were analysed by comparing the environmental data recordings with the conidial and 
copy numbers in the sampling times.  
 
3.2.4 DNA extraction  
3.2.4.1 Peat samples 
Soil samples were mixed again before taking a 1 g subsample for DNA extraction using the 
PowerSoil® DNA Isolation Kit (Mo Bio Laboratories Inc. Carlsbad, CA, USA), as described 
in the manufacturer’s manual.  
3.2.4.2 Air and water samples 
DNA was extracted from air and water samples using the phenol,/chloroform glass bead 
beating and glycogen extraction method (Ward 2009). The collected conidia were suspended 
in 400 µL of sterile water and transferred to a microcentrifuge tube containing 0.4 g of acid 
washed 425-600 µm glass beads (Sigma-Aldrich Pty. Ltd. NSW, Australia). The spores were 
agitated in a homogenizer for 2 periods of 1 minute with 2 minutes on ice in between each 
agitation period. Following homogenisation, 400 µL of lysis buffer was added to the tubes 
which were vortexed and incubated for 1 hour at 65˚C. Phenol chloroform (800 µL, 1:1) was 
added to each tube and vortexed briefly before centrifuging at 13 000 rpm for 15 minutes. 
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The supernatant was transferred to a clean eppendorf tube, without disturbing the debris at 
the interface. One microgram of glycogen, 40 µL 6 M ammonium acetate and 600 µL of 
isopropanol was added, mixed gently and incubated at -4˚C for 40 minutes. Following 
incubation, samples were centrifuged for 2 minutes at 13 000 rpm. The supernatant was 
removed and 50 µL of RNase in TE was added to the pellet and incubated at 37˚C for 15 
minutes. A further 150 µL of TE and 200 µL of phenol chloroform (1:1) was added, vortexed 
and centrifuged for 6 minutes at 13 000 rpm. The supernatant was transferred to a fresh 1.5 
mL microtube. Ammonium acetate (10 µL, 6M) and 600 µL of isopropanol were added to the 
tubes and incubate for 10 minutes at -20˚C and then centrifuged. The supernatant was then 
discarded and 800 µL of cold 70% ethanol was added and centrifuged for 2 minutes before 
discarding the supernatant. The remaining liquid was removed by pipette and further spinning 
before the pellet was dried for 20 mins in the fume hood. The dried pellet was resuspended in 
100 µL of sterile distilled water.  
 
3.2.5 DNA extraction efficiency 
To calculate the estimated extraction efficiency of this DNA extraction protocol, three 
separate DNA extractions of (theoretical) known serially diluted (106 to 101 mL-1) conidial 
concentrations were performed. To make the serially diluted conidia suspension, a spore 
suspension was made by adding 5 mL of sterile deionised water to a F. oxysporum f. sp. 
cucumerinum culture, grown on ¼ PDA. The water was mixed with the culture before 
transferring it to flask. Conidial concentrations were counted using a haemocytometer and the 
percentage of macro to microconidia calculated. Macroconidia were estimated to account for 
10% of the total conidia of each dilution. The estimated percentage of macroconidia was used 
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to calculate the experimental copy number, assuming macroconidium accounts for 3 copy 
numbers, using the following equation: 
𝐸𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑐𝑜𝑝𝑦 𝑛𝑢𝑚𝑏𝑒𝑟 = �0.1 × 𝑛3 � + �0.9 × 𝑛1 �  
 where 𝑛 = copy number/mL 
Extraction efficiency was determined by comparing the extracted DNA copy number from 
known concentrations of conidia against the established standard curve, based on copy 
number of FocF8 and FocR2 specific markers in qPCR as described in Chapter 2, also 
factoring in the percentage of macro and micro conidia. The extraction efficiency was 
obtained by the following:  
𝐸𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 = experimental copy number theoretical copy number  × 100 
 
3.2.6 Quantification of air borne conidia with quantitative real-time PCR 
Total DNA was extracted from the air samples using the phenol/chloroform glass bead 
beating and glycogen DNA extraction protocol described in 3.2.4.2. F. oxysporum f. sp. 
cucumerinum and F. oxysporum f. sp. lycopersici conidial density were quantified using 
quantitative real-time PCR. Standard curves were constructed following Larionov et al. 
(2005) for both F. oxysporum f. sp. cucumerinum and F. oxysporum f. sp. lycopersici by 10 
fold serial dilutions starting from 106 copies/µL down to 101 copies/µL of purified PCR 
product of the primers in Table 3.1. Each standard curve included two replications for the 
dilutions 106 copies/μl, 105 copies/μl, 104 copies/μl, 103 copies/μl, 102 copies/μl, and four 
replications for the dilutions 10 copies/μl and 1 copy/μl. The average of the Ct values was 
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calculated and plotted against the log of the known copy numbers to construct standard 
curves. The average Ct of each air sample, replicated three times, was used to calculate the 
copy number at each sample time. 
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Table 3.1 Primers used in real-time qPCR to quantify aerial conidia density.  
Code Organism Sequence (5’-3’) Target Amplicon size 
(bp) 
Tann T el T m Ref.  
SIX1f F. oxysporum f. sp. 
lycopersici 
GGGAGCCCCAGATATTTTTCA IGS 43 63 30 78 Inami et al. 2010 
SIX1r F. oxysporum f. sp. 
lycopersici 
GGATGCTGCCACCTTATCCA IGS 43 63 30 78 Inami et al. 2010 
FocF8 F. oxysporum f. sp. 
cucumerinum 
GCGTGTATTTGGCATGTTGC RAPD marker 
OPZ-12865 
108 65 30 82 Scarlett et al. 2013 
FocR2 F. oxysporum f. sp. 
cucumerinum 
TCAACGGGACTCCCTTCG RAPD marker 
OPZ-12865 
108 65 30 82 Scarlett et al. 2013 
Tann = annealing temp, T el = elongation time (sec), T m = melting temp.  
Intergenic Spacer (IGS) 
Random Amplified Polymorphic DNA (RAPD)
80 
 
3.2.7 Data analysis 
3.2.7.1 Inter-day analysis 
Copy number determined from the air samples using quantitative real time PCR were used as 
cumulative 2 hour intervals. Data of temperature and relative humidity were used as hourly 
values, corresponding to the air sampling times. Copy number was expressed as log copy 
number and calculated as copy number per m3 air. Excel 2010 was used to calculate summary 
statistics and calculate Pearson’s coefficient of correlation between pairs of variables of each 
day in each year. For all analysis the 45 minute difference in the periods between the two 
years was ignored (i.e. 10:15 am in 2012 was considered the same as 11 am in 2011, and 
similarly for the remaining 7 periods). 
Regression analysis was performed for each year (2012, 2012) using ASReml-R software 
(Butler et al. 2009). A log10 (copy number + 0.5) transformation was applied to the data to 
reduce heterogeneity in variance. A mixed model was fit to the data, consisting of fixed 
effects of years, with temperature and relative humidity as covariates, including a linear 
component and a non-linear (smoothing spline) component. The residuals were modelled as 
autoregressive type 1 (AR1) within each date (and year) to allow for serial correlation in the 
data. 
Furthermore, to investigate the relationship between fluctuations in relative humidity and 
temperature, either negative or positive, and copy number, regression analysis was conducted 
comparing calculated absolute changes in copy numbers to calculated absolute changes in 
relative humidity and temperature. As for the previous investigation, a log10 (copy number + 
0.5) transformation was applied to copy numbers. A linear mixed model to the transformed 
response (absolute change in copy number) for each year separately and for both years 
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combined was performed using ASReml-R, consisting of fixed effects of absolute 
temperature and/or RH change, random effects of date and period, as well as non-linear 
(spline) effects for temperature and/or RH. The combined of both years also included fixed 
effects of year. The residuals were modelled as autoregressive type 1 (AR1) within each date 
(and year) to allow for serial correlation in the transformed response.  
 
3.2.7.2 Intra-day analysis 
For the purposes of identifying potential covariates for further study, pairwise correlations 
were determined for total conidia per m3 per day, maximum and average temperature, and 
minimum and average relative humidity, for each corresponding day, as well as the 4 days 
prior to sampling. Lags of up to 4 days prior were allowed for each environmental factor to 
allow for the influences of environment on pathogen sporulation in the days prior to conidia 
capture. Maximum temperature and minimum temperature were chosen for analysis as they 
appeared the most variable in the exploratory analysis. A day was defined as 11 am to 11 am, 
to correspond to the air sampler measurements. 
 
3.2.7.3 Tape data analysis 
The conidial numbers counted on the tape were used to estimate the concentration of macro 
and micro conidial release at the different sampling times. ASReml-R software (Butler et al. 
2009) was used to fit a mixed model comprising random effects of sampling time and date to 
each of macro and microconidia data. These were log10 (copy number + 1) transformed to 
reduce heterogeneity in variance. Residuals were fit as an autoregressive order 1 (AR1) 
process within each day to allow for serial correlation between successive measurements on 
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each day. The average percentage of macro and micro conidia at each sampling time was 
calculated in Excel. 
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3.3 RESULTS 
3.3.1 Detection of F. oxysporum f. sp. cucumerinum in growth medium and irrigation 
water. 
DNA of F. oxysporum f. sp. cucumerinum was detected in 80 % of coir peat growth medium 
that had been used to grow a tomato crop prior to planting the cucumber crop in 2012, and in 
100% of irrigation water samples, including water sampled from the holding tank, primary 
irrigation lines and drippers separately (Table 3.2).  
 
Table 3.2 Detection of F. oxysporum f. sp. cucumerinum in growth medium and irrigation 
water samples by specific PCR assay. 
Sample type Sample size PCR detection 
Peat (growth medium) 30 samples 24 + 
Water   
       Holding tank 10 L + 
      Irrigation lines 10 L + 
      Drippers 10 L + 
 
 
3.3.2 DNA extraction efficiency 
Serial dilutions of F.oxysporum f. sp. cucumerinum conidia, prepared from a plate culture, 
were evaluated to estimate DNA recovery of the phenol/chloroform bead beating plus 
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glycogen DNA isolation method (Ward 2009). An estimate of 10 % macroconidia in the 
spore suspensions was determined using the haemocytometer prior to extraction (Table 3.3). 
Determining the number of multicellular conidia (macroconidia) allowed calculation of the 
experimental number of copy numbers from the samples. DNA recovery averaged 34.75% ± 
12.7% and ranged from 7% ± 2.9% when extracting 106 conidia/mL to 97% ± 17.8% when 
extracting 103 conidia/mL (Figure 3.2). DNA extracted from 102 and 101 conidia/mL was 
undetectable based on the standard curve established to determine extraction efficiency from 
copy number, where less than 100 copies could not be reliably detected.   
 
Table 3.3 Theoretical conidial number and experimental copy number as determined in 
qPCR.  
Theoretical conidial number per mL suspensiona Mean experimental copy numberb 
 macroconidia microconidia 
1 000 000 100 000 900 000 76 355 
 
100 000 10 000 90 000 9 169 
 
10 000 1 000 9 000 2 637 
 
1 000 100 900 977 
 
100 10 90 - 
10 1 9 - 
 
 
a Determined by haemocytometer.  
b Calculated based on the estimation that10% of conidia are macro conidia (multicellular 
conidia), containing an average of 3 RAPD OPZ-12865copies per conidium.  
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Figure 3.2 Extraction efficiency. Calculated as the mean experimental copy number obtained 
using qPCR (Foc F8and Foc R2), divided by the theoretical number of conidia in sample, 
multiplied by 100 ± standard error from three independent extractions. 
 
3.3.4 Quantification of F. oxysporum formae speciales in air samples 
3.3.4.1 Standard curves 
Standard curves were calculated based on the single copy F. oxysporum f. sp. cucumerinum 
RAPD marker OPZ-12865 and F. oxysporum f. sp. lycopersici Intergenic Spacer (IGS) marker 
(Inami et al. 2010; Figure 3.3). Curves were determined independently using copy number of 
the primers FocF8/FocR2 (Scarlett et al. 2013) and SIX1F/SIX1R (Inami et al. 2010) with 
their respective pathogen isolates. The correlation coefficient between Ct and copy number 
and amplification efficiency (AE) was high for both F. oxysporum f. sp. cucumerinum (R2 = 
0.9974 AE = 97%) and F. oxysporum f. sp. lycopersici (R2 = 0.9954, AE = 104%). These 
standard curves were linear from 101 to 106 copies/µL, however, amplification efficiency 
decreased with the inclusion of 101 copies/µL, as described in Chapter 2, indicating that 
quantification below 102 copies/µL was unreliable.  
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Figure 3.3 Standard curves developed for quantification of aerial borne conidia based on 10-
fold serial dilution of copy numbers.  a. F. oxysporum f. sp. cucumerinum (FocF8/FocR2), 
AE = 97% , b. F. oxysporum f. sp. lycopersici (SIX1F/SIX1R), AE = 104%.
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3.3.4.2 Quantification of airborne conidia by qPCR.  
A large amount of variability in temperature and relative humidity was observed within the 
greenhouse in 2011 and 2012. In both years the maximum average daily temperature (32.4˚C) 
was recorded between 12:00 – 12:30pm and the lowest average daily temperature (1.8˚) was 
recorded between 7:00 – 7:30am. Inversely, the maximum relative humidity (99.9 %) was 
recorded between 14:00-14:30 and the minimum relative humidity (23.8˚C) was recorded 
between 12:00-12:30am. The average temperature recorded was 13.9˚C and average relative 
humidity recorded was 82.1 %.   
In both years the density of airborne conidia was highly variable over the sampling times, 
showing no distinct diurnal patterns (Figure 3.4; Figure 3.5). In 2011 the largest amount of 
variation was observed between 11:00 to 16:00 with between 1-16 copies/m3 air (Figure 3.6). 
During this sampling period the relativity humidity was also highly variable ranging between 
29-84%. Temperature was also variable during this sampling period, ranging from between 
16.8-30.1˚C.  
In 2012, the largest variability in conidia was observed between 10:00 am and 12:00 pm with 
between 1-140 copies/m3 air (Figure 3.6). Temperature and relative humidity are also the 
most variable at this time ranging from 16-26.3˚C and 47.8-87.4% respectively. At the 
remaining sampling times throughout the 24 hour period, the mean density of airborne 
conidia fluctuated between 1-2 copies/m3 air in 2011 and 5-20 copies/m3 air in 2012 (Figure 
3.6).  
Pairwise correlation showed a negative correlation between relative humidity and copy 
number and a positive correlation with temperature and copy number, although consistent 
significant correlations at P=0.05 could not be found.   
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Similarly, when comparing total copy number with relative humidity and temperature on the 
four days prior to sampling, total copy number is positively correlated with temperature, and 
negatively correlated with relative humidity (Table 3.4), although not consistently significant 
at P=0.05. All correlations were relatively low in 2011. Higher correlations were seen in 
2012, showing the highest correlations with mean (R2 =0.81) and max (R2 =0.93) temperature 
on the 3rd day prior to sampling (day -3), as well as with mean (R2 = -0.75) and min relative 
humidity (R2 = - 0.64) on the sampling day (day 0; Table 3.4).  
 
No indications of significant non-linear trends were observed in regression analysis of total 
copy number per day, temperature and relative humidity (Table 3.5). There were no 
significant linear effects of either temperature or relative humidity, regardless of whether one 
or both covariates were included in the model (Table 3.5). Although the negative coefficient 
for relative humidity would suggest a negative association and the positive coefficient for 
temperature suggests a positive association these coefficients are not significant at P = < 
0.05.  
 
Regression analysis of absolute change in relative humidity and temperature with absolute 
change in copy number showed that change in relative humidity is a significant indicator for 
change in copy number (Table 3.6). However, the coefficient is negative, implying that as the 
absolute change in relative humidity increases, the absolute change in copy number 
decreases. There were no significant relationships found between the change in temperature 
and change in copy number (Table 3.6).  
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Figure 3.4 F. oxysporum f. sp. cucumerinum copy numbers (black), expressed as log copy 
number, determined by qPCR from air samples in relation to temperature (red) and relative 
humidity (blue) variation up to 4 days prior to sampling in 2011 greenhouse cucumber.
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Figure 3.5 F. oxysporum f. sp. cucumerinum copy numbers (black), expressed as log copy 
number, determined by qPCR from air samples in relation to temperature (red) and relative 
humidity (blue) variation up to 4 days prior to sampling in 2012 greenhouse cucumber.
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Figure 3.6 Mean F. oxysporum f. sp. cucumerinum copy number at each sampling period 
expressed as copy number per m3 air sampled in a. 2011; b. 2012 greenhouse cucumber crop, 
in relation to temperature and relative humidity.
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Table 3.4 Pairwise correlation of total log10 conidia per day with average and maximum 
temperature, and average and minimum relative humidity for the 4 days prior to sampling. 
 Day Mean Temp Max Temp Mean RH% Min RH% 
 
 
2011 
0 (sampling) 34.4 0.3 -7.2 -11.7 
-1 23.9 16.3 -20.1 -21 
-2 -2 9.9 -40 -46.2 
-3 18.9 29.6 -31.8 -10.6 
-4 1.7 10.1 -6.3 -12.6 
 
 
2012 
0 (sampling) -43.2 19.7 -75.8* -64.9 
-1 19.2 55.6 -28.9 -30.4 
-2 0.7 16.8 -32.6 -17.4 
-3 81.2* 93.0* -30.3 11.6 
-4 35.8 33.6 -36.6 -42.4 
*indicates significance at P < 0.05. 
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Table 3.5 Regression coefficients from the models 2011, 2012.  t-stat for the covariates are 
less than the critical value of 2 therefore no covariates achieve significance at P < 0.05. 
 2011 2012 
 Coefficient  t-stat Coefficient  t-stat 
RH  
temp 
-0.00883 
-0.00909 
-0.344 
-1.01 
-0.00385 
-0.00274 
-0.232 
-0.489 
(Intercept) 2.08 1.91 2.57 3.63 
RH -0.00634 
 
-1.58 -0.00165 -0.526 
(Intercept) 1.73 4.61 2.41 8.75 
temp 0.0136 
 
1.14 0.00283 0.303 
(Intercept) 1.02 4.28 2.23 12.1 
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Figure 3.7 Calculated absolute changes (either positive or negative) in temperature (red), 
relative humidity (blue) and copy number (black) over sampling days in 2011.  
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Figure 3.8 Calculated absolute changes (either positive or negative) in temperature (red), 
relative humidity (blue) and copy number (black) over sampling days in 2012.  
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Table 3.6 Regression coefficients from the change in relative humidity and temperature vs 
change in copy number in 2011, 2012.  (* indicates covariates that achieve significance at P < 
0.05). 
 2011 2012 
 Coefficient  t-stat Coefficient  t-stat 
RH  
temp 
-0.0153 
-0.0053 
-0.791 
-1.17 
0.000293 
-0.00631 
0.0204 
-1.42 
(Intercept) 0.454 5.22 0.398 5.2 
RH -0.00805 -2.14* -0.00623 -1.67 
(Intercept) 0.428 5.38 0.398 5.5 
temp -0.0263 -1.72 -0.00955 -0.825 
(Intercept) 0.444 5.45 0.368 5.31 
 
3.3.4.3 Volumetric spore sampler 
The tape data show that microconidia are the predominant airborne spore type (Figure 3.7). 
Macroconidial density peaked between 16:00 – 18:00, with an estimate of 53% of the spores 
released at this time (Figure 3.9). Macroconidial density reduced over the following sampling 
times until 07:00 when the concentration spikes again, increasing by 12%. No macroconidia 
were observed during the sampling time 10:00-12:00 (Figure 3.9).  
The conidial release patterns observed from the volumetric spore sampler show the largest 
spore release period between 19:00-21:00 (Figure 3.10). Conidial concentrations indicate a 
diurnal spore release trend (Figure 3.11), that correlates with an increase in spore number as 
the relative humidity increases between 13:00 and 21:00. 
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Figure 3.9 Mean percentage of Fusarium macro and micro conidia at each sampling time, 
2012.  
 
Figure 3.10 Mean macro and micro conidia on tape sampler in 2012 cucumber crop in 
relation to relative humidity and temperature 
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Figure 3.11 Fitted trend of conidial release determined by tape sampler in 2012 cucumber 
crop. Grey shaded region represents 95% confidence interval for the trend. a. Macroconidia, 
b. microconidia. 
 
3.3.5 Disease incidence, crop practice and conidial number 
In both 2011 and 2012, the first signs of disease were observed 5-6 weeks after planting 
(Figure 3.12). Disease initiation in both years followed a spike in conidial numbers from the 
previous weeks. Following the initial disease observation, the disease progressed within the 
crop until 90% of the crop was diseased in 2011 and 80% in 2012 (Figure 3.12). Disease 
initiation appeared to coincide with flowering and crop harvest, however regression analysis 
could not confirm a significant relationship between total conidia number and percent disease 
expression at P <0.05 (2011 P =0.84, 2012 P = 0.61). Subsequent spikes in spore number 
that appeared after disease initiation may reflect sporulation from already infected tissue.
a. b. 
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Figure 3.12 Fusarium wilt disease expression and total accumulated number of conidia over 
a 24 period a. 2011; b. 2012. Disease expression is estimated as a percentage of the crop 
expressing symptoms of Fusarium wilt. Conidia of F. oxysporum f. sp. cucumerinum in the 
air are given as a total accumulated number (m3 air) over the 24 hour sampling period each 
week using the mini cyclone air sampler.
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3.4 DISCUSSION 
Atmospheric concentrations of F. oxysporum f. sp. cucumerinum conidia in two commercial 
cucumber greenhouses were monitored to determine if conidial release is influenced by 
environment or management factors.  
Conidial concentrations were negatively correlated with relative humidity and positively 
correlated with temperature on the sampling day and 4 days prior to sampling, however 
significance between correlations was not consistent. Regression analysis of absolute values 
showed that none of the covariates tested as absolute values were significant indicators for 
conidial concentrations. Regression analysis of absolute change in relative humidity and 
temperature with absolute change in copy number showed that change in relative humidity 
may be a significant indicator for change in copy number. However, the negative relationship 
between change in relative humidity and change in copy requires further sampling to 
investigate this apparent relationship. Although these data suggest a potential relationship, 
relative humidity is not the primary factor prompting spore release of F. oxysporum f. sp. 
cucumerinum.  
Atmospheric conidial concentrations varied from between 1-16 copies/m3 air in 2011 and 
between 1-140 copies/ m3 air in 2012. The results suggest that mechanical disturbances in the 
greenhouse may be responsible for the high variability observed, suggesting that the 
mechanisms for aerial spore release of F. oxysporum f. sp. cucumerinum may also be passive.  
Two sampling techniques were used in this study as both techniques have benefits and 
limitations that can affect the accuracy of the result if used as the sole apparatus to sample 
airborne F. oxysporum. Extrapolating conidial numbers based on copy numbers in real-time 
qPCR needs to take into account the different spore types present. Since macroconidia of F. 
oxysporum can contain between 3 to 5 cells (Burgess et al. 1994), estimates of proportions of 
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macro to micro conidia in samples should be taken into consideration when inferring actual 
quantity of spore numbers based on copy number detected. To overcome this problem, a 
volumetric airsampler was used to estimate the percentage of macro and microconidia present 
at each of the sampling times. Microconidia were the dominant spore type observed, however 
a peak in macroconidia was observed between 16:00 and 18:00. Since uninucleate 
microconidia are the predominant spore type present, copy number is a fair estimate of 
conidial concentrations in this study.  
Due to the morphological similarities between macroconidia of different F. oxysporum f. spp. 
(Nelson et al. 1983) sampling using a volumetric tape sampler, without molecular 
confirmation, does not allow a distinction to be made between Fusarium species. The 
presence of F. oxysporum f. sp. lycopersici in the air samples was tested using a DNA based 
marker to determine if other formae speciales were within the airborne population. F. 
oxysporum f. sp. lycopersici was chosen as the cucumber crop is grown in rotation with 
tomatoes, making the presence F. oxysporum f. sp. lycopersici within the greenhouse likely. 
F. oxysporum f. sp. lycopersici was however not detected in any of the air samples, so it can 
therefore be presumed that F. oxysporum f. sp. cucumerinum is the prevalent airborne 
Fusarium species observed on the volumetric tape sampler during these sampling periods.  
The calculated extraction efficiency estimates that on average 34.7% of the total DNA was 
extracted from the air samples. However, extraction efficiency is variable depending on the 
number of initial conidia. Differences in extraction efficiency may be responsible for the 
observed high variability between the samples. Overall, the exact number of spores in each 
sample does not detract from the ability to observe patterns in spore release. Therefore, the 
extraction efficiency in this case allows the estimation of how many spores are airborne, 
giving an indication of the significance of airborne conidia in dispersing the pathogen.   
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Furthermore, inconsistencies in conidial release patterns were observed between the 
automatic cyclone air sampler and the volumetric tape airsampler. The tape sampler indicated 
a lower concentration of airborne conidia compared to the results given by the cyclone 
airsampler and real-time qPCR. Although absolute values of copy number, temperature and 
relative humidity were not significantly correlated, the volumetric sampler indicated similar 
trends that suggest that a change in relative humidity is correlated with change in spore 
number.  
Factors that affect spore release are highly complex (Gregory 1945; Frinkling et al. 1987; 
Williams et al. 2001). Air turbulence means that not all spores travel the same distance, even 
if they are released simultaneously (Lacey 1996). Therefore, error between these sampling 
methods may be due to the fixed level above ground that they sample. The cyclone air 
sampler operates at a larger height (125 cm) above the ground than the volumetric tape 
sampler (94 cm) and therefore subjected to greater spore movement, rather than the 
volumetric sampler that has a fixed position lower to the ground, which may allow it to only 
sample spores that are being deposited (McCartney et al. 1983). This difference in sampling 
height is a design flaw that weakens the conclusions that can be drawn from this experiment, 
as the quantitative results of spore number do not precisely correspond. Future experiments 
testing spore number in crops require operation of sampling apparatus at the same height 
above the ground in order to have congruent representative samples.  
There are various mechanisms reported for spore release of plant pathogens and different 
species have been shown to vary in response to the environment. Further investigations into 
the other environmental influences including light, watering and vapour pressure deficit are 
required to further understand conidial liberation mechanisms of F. oxysporum f. sp. 
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cucumerinum. The release of spores from powdery mildew species has been explained by the 
photosensitivity of the mature stage of spore production. Conidia that are produced at 
night remain immature and are released once exposed to light (Cole and Fernandes 1970). In 
the field, light intensity tends to follow diurnal patterns (Willocquet and Clerjeau 1998), 
however, light intensity may be distorted in greenhouses, particularly in the winter months 
that this experiment was conducted. Determining the response of conidial release to light 
intensity may provide explanation of some of variability observed.  
The results from this study suggest fluctuations in relative humidity may have some 
association with prompting spore release, however mechanical disruption (Hammett and 
Manners 1971) and wind (Frinking 1977) are factors that may be more important in spore 
release in protected cropping conditions. Wind disturbance has been attributed to spore 
release in field grown crops, however in greenhouses, significant air movement is limited to 
that caused by cooling fans or open vents. In intensive protected cropping, maintenance 
activities are frequent and may provide stimulus for mechanical disruption of the sporulating 
stems, resulting in spore release. Bainbridge and Legg (1976) showed that shaking of the 
leaves in a cereal crop could generate sufficient acceleration to liberate spores of Erysiphe 
graminis. Further experimentation into the level of mechanical disruption required to liberate 
F. oxysporum f. sp. cucumerinum conidia from cucumber stems may guide crop handling and 
management to prevent conidia release.   
Apart from the potential of airborne conidia playing a role in pathogen dispersal and entry 
into greenhouse cucumber crops, the results indicate that reuse of growth medium and 
contaminated irrigation water may play a role in the introduction and dispersal of F. 
oxysporum f. sp. cucumerinum in greenhouse cucumbers. These results show the importance 
of maintaining crop hygiene, primarily preventing the introduction of the pathogen into the 
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system by following strict sanitation procedures including starting the crop with pathogen-
free growth medium and planting material, maintaining water filtration and sanitation, and 
correct disposal of crop residue.  
Wohanka (2003) showed that F. foetens could spread rapidly in irrigation water through ebb 
and flow systems. Levels as low as 100 conidia mL-1 could also incite the disease, but 
filtration and the use of chlorine dioxide applied at 1.5–1.7 µg mL-1 was effective in 
eliminating F. foetens from recycled water (Wohanka et al. 2005). These practices may help 
reduce the initiation of disease, and prevent potential inoculum sources that lead to airborne 
spore release. 
The limited knowledge of the aerial phase of F. oxysporum f. sp. cucumerinum prevents the 
effective management of the disease in Australia. The results presented in this Chapter may 
significantly aid the implementation of management practices, including resistant rootstock 
grafting in Australian cucumber greenhouses.  
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Chapter 4   
The role of airborne conidia in the disease cycle 
 
4.1 INTRODUCTION  
The primary passage of Fusarium oxysporum infection described in the literature begins by 
hyphae ensheathing the root tissue before penetrating the root zone of the host plant, followed 
by colonisation of the vascular tissue, reducing water conductance and transpiration, causing 
wilt and eventual plant death (Beckman 1987; Hall et al. 2013). When substrate reserves in 
the host decline, resting structures are produced in the form of thick-walled chlamydospores 
(Grogan et al. 1980; Beckman 1987). The formation of chlamydospores allows the pathogen 
to persist in the soil until such time as new host root exudates stimulate germination and 
infection (Hsu & Lockwood 1973; Griffin 1981). While sporulation of F. oxysporum on 
infected host stem surfaces has also been recorded (Katan et al. 1997; Gamliel et al. 1996; 
Rekah et al. 2000), the potential function of these spores in the disease cycle is unclear. 
Recent observations of conidial sporulation on host stem surfaces have changed what is 
thought about the disease cycle and epidemiology of F. oxysporum as a soil borne disease. F. 
oxysporum is considered a monocyclic soil borne pathogen, however detection of airborne 
propagules and sporulation of F. oxysporum f. sp. lycopersici on stem surfaces of tomato 
plants (Katan et al. 1997) has proposed the potential of an airborne phase within the disease 
cycle of Fusarium wilt diseases.  Similarly, a sporulating layer of F. oxysporum f. sp. basilica 
on the stem of sweet basil (Ocimum basilicum L.), has changed what was thought about the 
dissemination of the pathogen, suggesting that the pathogen has characteristics of both 
soilborne and airborne pathogens (Gamliel et al. 1996; Rekah et al. 2000).  
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Lida et al. (1982) and Wang et al. (2007) suggest that conidial germination and mycelial 
growth of F. oxysporum f. sp. cucumerinum on cucumber roots is governed by the type and 
concentration of soluble sugars in root exudates. While hyphae of F. oxysporum infect the 
root zone (Owen 1954; Beckman 1987; Inoue et al. 2002; Hall et al. 2013), there is limited 
evidence showing that cell wall degrading enzymes of F. oxysporum f. spp. enable pathogen 
spores to germinate and penetrate the epidermis and cortical tissue of plant stem and leaves, 
especially when plants are stressed (Rekah et al. 2000).  
Infection through leaf wounds by airborne propagules of F. oxysporum f. sp. radicis-
lycopersici in tomatoes (Rekah et al. 2000) and F. oxysporum f. sp. basilici in basil (Uchida 
and Kadooka 1996; Rekah et al. 2000) have been reported. Rekah et al. (2000) also report the 
internal downward movement of the pathogen from the foliage to the crown and roots of the 
plant through isolation on selective media. These observations prompted speculation that F. 
oxysporum f. sp. cucumerinum conidia may infect through aerial cucumber plant tissue such 
as the stem or leaves, where they might be likely to land after being aerially disseminated.  
Intensive greenhouse production places the plant under diverse physiological and physical 
stresses. During crop production leaves are removed from the lower stem in order to reduce 
the energy expenditure of the plant and create airflow, reducing humidity that often results in 
the outbreak of other common greenhouse diseases such as powdery mildew, downy mildew 
and Botrytis infections (Zinnin 1988; Jarvis 1989; Henten et al. 1997). In addition, extreme 
temperature and humidity fluctuations that are a result of low to medium greenhouse 
technology and wounds associated with routine crop management including pruning, tying 
and harvest reduce plant defences and increase the expose of the crop to pathogenic attack 
(Rekah et al. 2000). Understanding the threat associated with conidial germination on wound 
sites and their ability to penetrate through the epidermal and cortical tissue will guide 
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management practices in relation to the importance of aerial inoculum of F. oxysporum f. sp. 
cucumerinum vascular wilt.  
This chapter tests the hypothesis that conidia germinate on stem surface of cucumber plants, 
in particularly on wound sites. Following conidial germination, it is hypothesised that hyphae 
are able to penetrate the epidermal and cortical cells, entering the vascular tissue resulting in 
systemic movement of pathogen propagules. The aim of these experiments is to clarify the 
role of aerially borne conidia in the disease cycle of F. oxysporum f. sp. cucumerinum and to 
determine the capacity of F. oxysporum f. sp. cucumerinum to infect wounded stems and 
leaves. The effect of environmental stress on disease development and the inoculum load 
required to initiate disease expression was also investigated.  
In the past, the GFP fluorescent reporter protein from the jellyfish Aequorea victoria (Prasher 
et al. 1992; Vissor et al. 2004) has been successfully used to study the colonisation process 
and development of several filamentous fungi within hosts (Sheen et al. 1995; Chalfie and 
Kain 1998; Bottin et al. 1999). This technique is documented to be useful in the study of 
colonisation due its ability to allow rapid visualisation of fungal growth in in-vivo 
experiments. This is the first reported transformation of F. oxysporum f. sp. cucumerinum, 
therefore the transformation process including limitations of this attempt have been 
discussed. The merits and limitations of this technique are compared to conventional staining 
techniques.  
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4.2 MATERIALS AND METHODS 
4.2.1 Plant material 
One cucumber (Cucumis sativus) cultivar ‘Deena RZ’ F1-Hybrid (Rijk Zwaan Australia Pty. 
Ltd.) was used throughout the colonisation experiments. This cultivar was chosen as it is the 
mostly widely grown cultivar in temperate Australian greenhouses during the winter period, 
due to its adaptation to variable temperatures, producing flavourful fruit in cooler 
temperatures. Seeds supplied from Rijk Zwaan Australia Pty Ltd are treated with a fungicide 
coating ‘ProSeed, Thiram’ to provide protection against damping off diseases.  
Seeds were planted in three litre plastic pots containing moistened unsterilised coir peat 
(Nitrophoska Coir Peat Brick, Brunnings, Oakleigh South, VIC, Australia). The pots were 
washed and sterilised using 70% hydrogen peroxide at the beginning of each experiment. 
Each pot had its own irrigation dripper to reduce the potential of cross contamination and also 
allowed the plants to be watered without disruption of aerially inoculated plant stems. This 
replicates the dripper system used in commercial cucumber greenhouses, where water is 
provided directly to the root system of individual plants leaving the stem and leaves free of 
water splash.  
To meet plant nutritional requirements, when the seedlings were 2 weeks old, slow release 
fertiliser (Osomcote, Plus Organic Vegetable, Tomato and Herb, Scotts Australia Pty. Ltd., 
Bella vista, NSW, Australia) was added at a rate of 2 teaspoons per pot and watered to 
saturation. 
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4.2.2 Fungal material and inoculum preparation 
F. oxysporum f. sp. cucumerinum (DAR81453), isolated from an infected cucumber plant 
taken from a commercial grower located in Rossmore, Sydney, Australia, was provided by Dr 
Len Tesoriero, Elizabeth MacArthur Agricultural Institute (EMAI), Industry and Investment, 
NSW. This isolate was selected due to its successful pathogenicity in previous trials 
conducted at EMAI. The isolate was provided on ¼ strength potato dextrose agar (¼ PDA) 
from which it was sub cultured onto carnation leaf agar (CLA) and freeze dried until 
required.   
Sub cultures of F. oxysporum f. sp. cucumerinum isolate EMAI 47, growing on ¼ strength 
potato dextrose agar (¼ PDA) were incubated at room temperature (approximately 25˚C) 
under fluorescent tube lights for 7 to 10 days. Conidial suspensions were made from 
sporulating cultures by adding approximately 10 mL of sterile distilled water to each plate 
and gently rubbing the agar surface with a sterile glass rod. The resulting suspension of 
hyphae and conidia was filtered through sterile muslin to remove hyphae and other unwanted 
agar debris. The conidial inoculum concentration was calculated by counting both macro and 
micro conidia using a haemocytometer (Hawksley Cristalite, England) and adjusted to the 
required conidial concentration.  
To ensure conidial viability, 1 mL of conidial suspension was spread over water agar (WA) 
and incubated at room temperature (approximately 25°C). After 2 days, the plates were 
examined under the microscope to confirm conidial germination.  
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4.2.3 Inoculation of plants  
4.2.3.1 Stems 
Stems of cucumber plants were inoculated by placing one drop of conidial suspension (1 x 
106 conidia/mL) onto either a wounded stem site or an unwounded stem site using a sterile 
pasture pipette. Wounding involved breaking and removing the first true leaf from the petiole 
base of 4 week old plants. Unwounded plants were inoculated by placing one drop of conidial 
suspension on the base of the first true leaf, where the petiole joins the stem.  
4.2.3.2 Roots 
The roots of cucumber plants were inoculated by dipping the root system of four week old 
seedlings into the conidial suspension, swirling for ten seconds, and then replanting back into 
the coir peat fibre (Martyn and McLaughlin 1983; Latin and Snell 1986; Beckman 1987; 
Freeman and Katan 1988).  
4.2.4 Fungal Transformation 
Transformation was conducted via Agrobacterium mediation at Milan State University, Italy.   
4.2.4.1 Plasmids and Agrobacterium isolate 
The Agrobacterium tumefaciens (GV3101) isolate used in the transformation was gratefully 
supplied by Dr Aldo Cuiotti, National Research Council, Milan, Italy. The bacterium was 
grown and maintained on lysogeny broth (LB) media amended with gentamicin (50 µg/mL) 
and rifampicin (20 µg/mL) to ensure selection and maintenance of the Ti plasmid.  
Plasmids used in this transformation were created by Dr Roger Y Tsiens at Howard Hughes 
Medical Institute, University of California, San Diego, USA, and gratefully supplied by Dr 
Donald Gardiner, CSIRO, Australia. Both plasmids were presented on a pPZP201 backbone 
111 
 
with a TrpC promoter (tryptophan biosynthesis), the kanamycin resistance gene (kan) and 
also the hygromycin B (hph) resistance gene. Hygromycin B is an aminoglycosidic antibiotic 
produced by Streptomyces hygroscopicus, and is used to select and maintain prokaryotic and 
eukaryotic cells. Both plasmids contained either egfp gene (Figure 4.1.a; 480nm excitation, 
515nm emission) or the GFP derivate, dtomato (Figure 4.1.b; 517nm excitation, 530nm 
emission) (Shaner et al. 2007).   
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a.  
 
b. 
 
Figure 4.1 Restriction enzyme map of a). pPZP-trpC-egfp and b). pPZP- trpC-dtomato. The 
plasmids both contain the hygromycin gene conferring resistance to hygromycin (hyg) and 
the neomycin phosphotransferase II gene conferring resistance to kanamycin for selection in 
bacteria. The plasmid structure was drawn using Geneious V5.5 (Biomatters Ltd. Auckland, 
New Zealand). 
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4.2.4.2 Electro competence and electroporation of A. tumefaciens GV3101  
Electrocompetent cells of Agrobacterium tumefaciens GV3101 were made following the 
methods of Lin (1995), with some modifications.  
A log phase culture of A. tumefaciens GV3101 was inoculated into 200 mL of yeast malt 
extract (YM) broth containing 50 µg/mL gentamycin, and 20 µg/mL rifampicin in a 500 mL 
conical flask. 
The cultures were incubated overnight at 30°C with shaking at 250 rpm, to a density of 5-10 
x 107 cells/mL (OD600 ~ 1.0). The liquid culture was decanted into sterile 50 mL centrifuge 
tubes and the cells were pelleted by centrifugation at 4500 rpm for 10 min at 4°C. The 
supernatant was discarded and another 50 mL of the liquid culture was added to the tubes to 
continue centrifuging and pellet the cells. In between centrifuging the tubes were maintained 
on ice. After a large pellet had formed, 50 mL of sterile, ice cold 10% glycerol was added to 
each tube. The cell pellet was resuspended by inversion and tapping with the hand. The cells 
were again pelleted by centrifugation at 4500 rpm for 10 minutes at 4˚C before discarding the 
supernatant. This was repeated once before finally resuspending the pellet in 10 mL of sterile 
10% glycerol. The final cell concentration was approximately 5 x 1010 cells/mL.  
After making the A. tumefaciens GV3101 electrocompetent, the plasmids were electroporated 
into bacterial cells. An aliquot of plasmid DNA (5 µL at approximately 100 ng/µL) and 20 
µL of electrocompetent GV3101 A. tumefaciens was transferred into sterile cold 1.5 mL 
eppendorf tubes, gently mixed and kept on ice. The mixed plasmid DNA and 
electrocompetent cells were transferred to ice cold electroporation cuvettes and placed in the 
Gene Pulser ShockPod (Bio-Rad Laboratories Inc. CA, USA) and pulsed once at 4.5 kV for 5 
milliseconds. The cuvettes were then immediately removed from the ShockPod and 1 mL of 
YB broth was added to the cuvette and used to transfer the plasmid DNA and A. tumefaciens 
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cell mixture into sterile tubes. The cells were incubated for 3 hours at 30˚C, shaking at 250 
rpm. After incubation, aliquots of the cells were plated onto YM agar containing 20 µL/mL 
rifampicin, 50 µL/mL of gentamycin and 50 µL/mL kanamycin to allow selection of A. 
tumefaciens containing the inserted plasmid.  
 
4.2.4.3 Fungal transformation via Agrobacterium 
The transformation of F. oxysporum f. sp. cucumerinum was adopted from the transformation 
protocol by Mullins et al. (2001) with some modifications. 
The F. oxysporum f. sp. cucumerinum isolate was prepared by sub culturing onto ¼ PDA 
media and grown for between 7 to 10 days to allow sporulation. The transformed culture of 
A. tumefaciens harbouring the GFP or dtomato plasmids were inoculated into 7.5 mL LB 
broth including the selection antibiotic gentamycin (50 µL/mL), rifampicin (20 µL/mL) and 
kanamycin (µL/mL). The colonies were shaken at 28˚C and grown for 48 hours. A 1 mL 
aliquiot was centrifuged for 1 min at 13 000 rpm to form a pellet and resuspended in 20 mL 
of sterile induction medium (IM) with the addition of filter sterilized 40 mM MES and 10 
mM glucose (see appendix). The cultures were grown in IM at 28˚C for 6 hours until the 
OD600 reached approximately 0.6.  
Conidia of F. oxysporum f. sp. cucumerinum were harvested by mixing sterile distilled water 
over the colony grown on ¼ PDA and filtering the suspension through sterile Miracloth. The 
conidial concentration was adjusted to 1 x 106 conidia /mL in sterile distilled water and 
mixed with Agrobacterium OD600 0.6 at a ratio of 1:4 and spread onto approximately 10 mL 
of IM agar containing 200 µM acetosyringone (AS). The plates were sealed and co-incubated 
at 22˚C for 48 hours. Following co-incubation the plates were overlayed with ½ PDA 
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containing 50 µg/mL of hygromycin B (Hyg) and 200 µg/mL of cefotaxime (Cef) and 
incubated for a further 10 days at which time transformants with resistance to hygromycin 
(Figure 4.2) were visible on the surface. The F. oxysporum f. sp. cucumerinum colonies that 
grew were then sub cultured onto fresh ½ PDA containing 50 µg/mL hygromycin and 
200µg/mL cefotaxime for a second round of selection.  
After the second round of selection, 30 isolates were chosen and viewed under UV light using 
fluorescence microscopy with 480nm excitation, 515nm emission for GFP to screen for 
brightness and uniformity of the protein expression.  
 
  
Figure 4.2 Transformant selection by antibiotic (hygromycin and cefotaxime) selective media 
overlay. a). No transformed colonies only background colonies; b). Transformed colonies appear as 
fluffy mycelial growth on media surface, in the presence of background colonies.  
a. b. 
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4.2.4.4 Pathogenicity tests 
The five most uniform F. oxysporum f. sp. cucumerinum transformants were used to test 
whether pathogenicity to cucumbers, Cucumus sativis cv. Deena was retained. Five plants per 
transformant were used for the pathogenicity trial. Plants roots were inoculated as described 
in 4.2.3.2. 
After 6 weeks disease severity was evaluated using a standardised 0-5 disease rating scale 
(Table 4.1). To determine whether the cucumber root tissue had been infected with the 
transformed F. oxysporum f. sp. cucumerinum isolates, thin sections of the rhizome and root 
hairs were prepared and mounted in distilled water and observed under white and UV light 
using fluorescence microscopy with 480nm excitation, 515nm emission for GFP and 517nm 
excitation, 530nm emission for dtomato.   
 
Table 4.1 F. oxysporum f. sp. cucumerinum disease severity scores 
Score Symptom Description 
0 No disease symptoms 
1 Slight browning of lower stem 
2 Extended lesion on stem, > 5cm 
3 As for 2, but with wilting of the lower leaves 
4 As for 2, with non-permanent wilting of newly expanded leaves 
5 Dead 
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4.2.5 Glasshouse experiments 
4.2.5.1 Experiment 1: Effect of temperature and stem wounding on disease development. 
Two glasshouse experiments were carried out at two different temperature ranges, a moderate 
range 20˚C - 25˚C and an extreme range 25˚C - 30˚C. In each glasshouse, 36 pots, containing 
3 plants per pot, were used for each treatment; wounded or unwounded stem.  
Wounded and unwounded stems on plants were inoculated as described in 4.2.3.1.At days 3, 
5, 10, 15, 20 and 25, six pots (18 plants) from each treatment were harvested from both 
glasshouses. The plants were scored for disease expression (Table 4.1).  
The means of the disease scores were first tabulated separately for both treatments (wounded 
and unwounded) and temperatures. To determine and compare the smooth trends of each of 
the two temperatures overtime, a pooled analysis was conducted, utilising the data across all 
the harvest days.  
An ordinal logistic model was used for the analysis of the disease severity score over time at 
each of the two temperatures. The model comprised fixed effects of treatment and (linear) 
time interaction and random smooth (spline) and non-smooth (factor) effects of time and their 
interactions with the treatment. An average score was calculated as suggested in Hannay and 
Quigley (1996), to simplify the interpretation of the fitted model; using the equation: 
𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑠𝑐𝑜𝑟𝑒 = �𝑘5
𝑘=𝑜
 × 𝑃?̂?(𝑘)             
Where 𝑃?̂?(𝑘) is the estimated probability of the score 𝑘(𝑘 = 0, … , 5). Standard errors for the 
probabilities and average score were calculated using the delta method. Wald F-test, with 
Kenward-Roder adjustments, as implemented in ASReml-R, was conducted. The primary 
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aim was to determine whether there was a significant treatment by time interaction by 
comparing the differences between the slopes of the linear time component.  
 
4.2.5.2 Experiment 2: Effect of inoculum density on disease severity 
Seeds of Cucumis sativus cv. ‘Deena’ were planted into 2 L pots filled with coir peat 
(Nitrophoska Coir Peat Brick, Brunnings, Oakleigh South, VIC, Australia) and allowed to 
grow till the first true leaf stage. Inoculum was prepared as described in 4.2.2 and adjusted 
using a haemocytometer. Inoculum was introduced by adding 10 mL of F. oxysporum f. sp. 
cucumerinum conidial suspension at concentrations 0, 10, 100, 1,000, 10,000, 100,000 and 1 
000 000 conidia mL-1 to the pots. There were seven replicate pots per treatment and three 
pseudo replicate plants in each pot. Six weeks after inoculation, plants were rated for disease 
severity using the vigour scale (Table 4.1). Plants were destructively harvested for 
aboveground dry weights. 
 
4.2.5.3 Experiment 3: Colonisation of wounded and unwounded stem and root tissue.  
Seventy pots each containing two Cucumis sativus cv. Deena seedlings, were used in this 
trial, making a total of 140 plants. The 4 week old plants were inoculated with a 1x 106 
conidial suspension of the transformed isolate of F. oxysporum f. sp. cucumerinum, 
harbouring the trpC gfp gene as described in 4.2.1.  
Treatments included:  
1). inoculation of wounded stems,  
2). inoculation of unwounded stems,  
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3). inoculation at the root zone with conidia and  
4). sterile water as controls.  
Sections from the inoculation point of the stems were examined weekly for 6 weeks for 
colonisation and the presence of macroconidia and microconidia. Roots were also sectioned 
and examined for 6 weeks. Controls were also examined. Sections were fixed as described in 
4.2.6.  
4.2.5.4 Experiment 4: Stem infections in high humidity conditions 
Stems of 15 pots each containing two plants were inoculated as described in 4.2.1, then 
enclosed in clear plastic sheeting. Relative humidity was measured at 100% using a Digitech 
data logger. Plants were harvested weekly for 6 weeks, fixed and mounted in resin as 
described in 4.2.6.  
 
4.2.5.5 Experiment 5: Conidial germination and penetration of wounded or unwounded leaf 
tissue.  
Ten 4 week old cucumber plants were used in this experiment. Only the leaves of the plants 
were infected with a conidial suspension. Leaves on each plant were randomly wounded in a 
way to simulate wounding that occurs in greenhouses during cultural practices. The leaf 
surface was gently rubbed with fingers to break or damage the trichomes. Unwounded leaves 
were left untouched. A conidial suspension (1 x 104 conidia/mL), prepared as described in 
4.2.2, was applied using a narrow spray apparatus until suspension was running off (Rekah et 
al. 2000), ensuring contact of conidia with the leaf tissue. Control plants were sprayed until 
run off with sterile water.  
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Six random samples were taken from the leaves at 3, 6, 24, 48, 72 hours followed by 5, 7, 10 
days by using a sterile cork borer. Leaves were cleared and stained with calcufluor white as 
described in 4.2.6.  
 
4.2.6 Preparation of tissues for histological examination 
Stem and root segments were fixed in 3% glutaraldehyde with 2% paraformaldehyde in 
phosphate buffer 0.1 M at pH 7.4 for 24 hours at room temperature. The specimens were then 
washed for 10 minutes in three changes of 25 mM phosphate buffer (pH 7.4), then 
dehydrated through a graded ethanol series (25%, 50%, 75%, 95%, 100%) for 20 minutes at 
each concentration. Specimens were then infiltrated with Kulzer Histo-Technovik 7100, a 
cold polymerising resin suitable for light microscopy, by adding the resin to specimens in 
100% ethanol to a final ratio of 1:1. After two hours, further resin was added dropwise to a 
final ratio of 1:3. After a further 24 hours to allow for complete infiltration, the specimens 
were embedded in 100% fresh resin in gelatin capsules and polymerised at 23˚C for 3 hours.    
Fresh stem and leaf sections were also stained without prior fixing. Chlorophyll was cleared 
from sections by heating in 75% ethanol for 10 minutes, washed in de-ionised water and 
stained in safranin (0.2% in 10% ethanol) for 2 minutes, followed by another wash in de-
ionised water and counter staining with calcufluor white (0.02% in water and filtered) before 
mounting in water on microscope slides.   
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4.2.7 Microscopy and photography 
Embedded specimens were then sectioned (4-5 µm) using an Ernst Leitz Wetzlar 1512 
microtome. Sections were placed in droplets of sterile distilled water on a microscope slide, 
fix dried to the slide and stained with 0.05% toluidine blue in 0.1M acetate buffer (pH 4.4) 
and mounted in immersion oil. Sections were examined and photographed using an Olympus 
BX-50 microscope, equipped with a differential interference contrast (DIC) and UV filters 
GFP1 (excitation 480 nm, emission 515 nm) and the red shift filter 517 nm excitation, 530 
nm emission) and an Olympus C35A camera.  
 
4.3 RESULTS 
4.3.1. Fungal transformation, colony and microscopic morphology 
Transformation of F.oxysporum f. sp. cucumerinum via Agrobacterium mediated 
transformation using promoter trpC with both dtomato (Figure 4.4.a) and egfp (Figure 4.4.b) 
was successful. Sixty hygromycin B resistant transformants were generated, with 50 percent 
of isolates stable after transfer to fresh hygromycin containing media.  Strong expression of 
both dtomato and egfp could be visualised within hyphal cytoplasm, however, expression in 
cell walls and macroconidia and microconidia was limited.  Although the expression of the 
fluorescence proteins in the hyphal cytoplasm was brilliant, the expression limited to the 
vacuoles reduced the visual uniformity of the hyphae (Figure 4.4. C, D). Transformed isolates 
retained colony morphology typical of the wild type, including cottony growth with pale pink 
pigmentation (Figure 4.3). No morphological changes in size or shape of vegetative structures 
were observed. The chosen isolate to test in vivo was trpC egfp as it had a consistently higher 
level of expression. Dtomato transformed isolates were disregarded for this study, as the auto 
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fluorescence of the chlorophyll in plant stem tissue confounded the red fluorescence of 
dtomato.  
 
  
Figure 4.3 Cultural characteristic on ¼ potato dextrose agar (PDA) of transformed and wild type 
F.oxysporum f. sp. cucumerinum a). Wild Type F.oxysporum f. sp. cucumerinum isolate; b). TrpC 
GFP transformed F.oxysporum f. sp. cucumerinum isolate showing similar pale pink fluffy hyphal 
growth. Scale = 3 cm.  
 
 
 
 
 
 
a. b. 
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Figure 4.4 Microscopic morphology of F. oxysporum f. sp. cucumerinum transformants.  
a). F. oxysporum f. sp. cucumerinum harboruing the dtomato gene, expression of brillant red 
flourescence (517nm excitation, 530nm emission) b). F. oxysporum f. sp. cucumerinum 
harbouring the egfp gene (480nm excitation, 515nm emission).  c). In visible light; reporter 
gene expression of egfp in hyphal cytoplasm. d).UV fluorescence; reporter gene expression of 
egfp in hyphal cytoplasm. Scale = 50 µm. 
 
 
a. b. 
c. d. 
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4.3.2 Pathogenicity of transformant on Cucumis sativus cv. Deena 
All F. oxysporum f. sp. cucumerinum egfp transformants retained pathogenicity. After 14-20 
days, wilt symptoms including necrosis of the lower stems and wilting of lower leaves was 
observed on the cucumber plants (disease severity score 2 and 3). After 6 weeks the adult 
plants showed severe wilting and necrosis of the stem base. Internal examination of the root 
tissue showed symptoms characteristic of Fusarium wilt of cucumber, including browning of 
the stem base and roots and presence of orange hyphal pigmentations. All control plants 
remained asymptomatic with no detection of the pathogen through isolation. F. oxysporum f. 
sp. cucumerinum transformed with GFP was observed in the xylem vascular tissue of the 
cucumber roots (Figure 4.5). 
 
  
Figure 4.5 F. oxysporum f. sp. cucumerinum egfp passing in xylem of root tissue.  Nikon-
Vico video confocal microscope. Scale bar= 50 µm.  
 
 
 
a. b. 
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4.3.3. Glasshouse trials  
4.3.3.1. Experiment 1: Effect of temperature and wounding on disease development   
Analysis of the pooled data for severity scores indicates that there were no significant 
differences between wounded and unwounded plants at any time point and there were no 
significant linear differences between disease severities in wounded or unwounded plants at 
either temperature (Table 4.2). However, Figure 4.6 would suggest that the fitted average 
score is uniformly higher for the wounded plants than the unwounded as the trends at both 
temperatures indicate an increase in disease expression with wounding over all the harvest 
times.  
At each harvest day, and temperature, the wounded treatment has higher probability for 
getting the higher scores than the unwounded (Figure 4.7).  
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Table 4.2 Wald test for disease severity score with time (days) and treatment (wounding).  
 20-25˚C 25-30˚C 
 F stat Df Probability F stat Df Probability 
Treatment  0.59 1 (45.2) 0.445 2.79 1 (4.1) 0.170 
Time 33.95 1 (5.8) 0.001 44.47 1 (8.3) <.001 
Treatment × Time 2.30 1 (58.2) 0.135 0.12 1 (4.7) 0.741 
 
 
 a. b.  
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 Day  
Figure 4.6 Fitted average scores from the proportional odds ordinal model (unwounded: 
solid, wounded: dashed, Standard error: dotted.) a) 20-25°C b) 25-30°C.
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Figure 4.7 Predicted probabilities of each score (0-5) from the proportional odds model by 
treatment (unwounded: U, wounded: W) and harvest day. a). 20-25˚C, b). 25-30˚C.   
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4.3.3.2. Experiment 2: Effect of inoculum density on disease 
A polynomial regression was the best fit for the relationship between log inoculum density 
and disease severity (y = -0.0841x2 + 1.1328x; R² = 0.8885; P = 0.0090). Mild symptoms, 
with a disease rating average of 2, indicating browning of the lower stem and extended 
lesions on stem, appeared in cucumber plants treated with 1,000 F. oxysporum f. sp. 
cucumerinum conidia, and all plants showed disease symptoms, with a disease severity rating 
between 3-4, when inoculated with 10,000 conidia or more. The mean highest disease 
severity score of 4, indicating extended lesions of the lower stem and wilting of lower and 
newly expanded leaves,  occurred in plants inoculated with 10, 000 000 conidia. Similarly, a 
negative polynomial fit was the best model of the relationship between the log inoculum 
density and the dry weights of the plants (y = 0.0245x2 - 0.3088x + 2.7594; R² = 0.8269; P = 
0.0042), where dry weight decreased with inoculum density. The lowest dry weights occurred 
when plants were inoculated with 1, 000 000 conidia and 10, 000 000 conidia. Disease 
severity and dry weights were inversely correlated (R² = 0.75, P = 0.042).  
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Figure 4.8 Effect of inoculum density of F. oxysporum f. sp. cucumerinum on mean disease 
severity and mean dry weight of above ground tissue of cucumber plants (Cucumis sativus 
cv. ‘Deena’) after 6 weeks (Dashed line: dry weight y = 0.0245x2 - 0.3088x + 2.7594; R² = 
0.8269; P < 0.05 ; Solid line: disease severity y = -0.0841x2 + 1.1328x; R² = 0.8885; P < 
0.05).   
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4.3.3.3 Experiment 3: Colonisation of F. oxysporum f. sp. cucumerinum through wounded 
and unwounded stem tissue and root tissue.   
 
4.3.3.3.1 Macroscopic symptom comparison 
 
Uninoculated plants and roots remained healthy for the duration of the trial (Figure 4.10a). 
No visible symptoms of stem or root discolouration or fungal infection were observed on 
uninoculated plants.    
Seven days after plant stems were inoculated with conidial suspension there was no evidence 
of disease expression on any of the 15 inoculated plants. However, signs of the pathogen 
were visible with pinky orange hyphal growth over the surface of the wound. Fourteen days 
after inoculation of the stem no symptoms of disease were observed. However, thick orange 
hyphal growth was observed over the wound (Figure 4.9b). The remaining plant and tissue 
surrounding the wound appeared healthy without browning or necrotic lesions. No further 
changes were observed over the following 4 weeks. Inoculated, unwounded stems showed no 
symptoms of disease or pathogen growth throughout the trial (Figure 4.9a).  
The first signs of disease development appeared on all 15 plants with inoculated roots seven 
days after root inoculation. The lower leaves began to wilt with slight browning developed on 
the stem base. Fourteen days after inoculation, leaves were wilted and necrotic and the stem 
base appeared brown and soft.  Twenty one days after inoculation, nine of the plants died 
(Figure 4.10b), with stem bases covered in a sporulating layer of hyphae (Figure 4.10c), 
while the other six plants remained expressing necrosis and wilting of the lower leaves and 
browning of the root base.  
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Figure 4.9 Wounded stems 2 weeks after inoculation. a. Control mock inoculated with sterile 
water with no signs of the pathogen or disease symptoms, b. Hyphal development over 
wounded surface. Scale = 0.5 cm. 
 
 
   
Figure 4.10 Three weeks after root dip inoculation. a. control plant remains healthy with no 
signs of disease. b. infected plant is dead, c. sporulation on stem surface. 
 
a. b. 
a. b. c. 
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4.3.3.3.2 Histological examination 
All sections of uninoculated root and stems showed no signs of fungal infection. From the 
exterior, Cucumis sativus cultivar Deena RZ unwounded stems were composed of a single 
row of epidermal cells with some trichomes. Internal to the epidermis were thin walled 
parenchyma cells making the cortex. In the inner cortex are the fibres or mid parenchyma 
tissue followed by vascular bundles of external phloem and internal xylem cells, separated by 
vascular cambium (Figure 4.11a). The pith was composed of large isodiametric parenchyma 
cells (Figure 4.11b).  
Sections comparing wounded and unwounded stems revealed the response of the plant to the 
wounding process alone (Figure 4.12). Plants responded to wounding by lignification and 
callose production surrounding the wound site (Figure 4.12). Internal vascular tissues remain 
undifferentiated from the unwounded stem tissue, showing no signs of response to the 
wounding process.  
Uninoculated root tissues were composed of a single row of epidermal cells with lateral roots 
or root hairs attached, followed by large packed cortical cells (Figure 4.13). The innermost 
row of the cortex contained the endodermis and was composed of smaller cells with no 
intercellular spaces. Interior to this was the vascular cylinder composed of packed 
parenchyma cells, which made up the pericycle surrounding the central xylem, cambium and 
phloem tissue (Figure 4.13).  
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Figure 4.11 Control stem tissue unwounded and uninfected. (E) epidermis, (T) trichome, (C) 
cortex, (ph) phloem, (X) xylem, (vc) vascular cambium, (Pi) pith.  Scale bar = 50 µm.  
 
  
Figure 4.12 Control stem (wounded and uninfected) showing response of plant to wounding.    
Lignification of cortical cells surrounding the wound site. Scale bar = 50 µm.  
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Figure 4.13 Cross section uninfected root tissue. (E) epidermis, (L) lateral root, (C) cortex, 
(ph) phloem, (X) xylem, Scale bar = 200 µm. 
At all sampling times sections of wounded tissue showed no evidence of hyphal penetration 
into the healthy stem cortical tissue. There were no observations of entry of the pathogen into 
the primary vascular tissue. Sections made one week after inoculation confirmed germination 
and hyphal growth over the wound site and entry of hyphae into the subepidermal cells 
(Figure 4.14).  Sections of inoculated wounded plants showed strong responses of the plant to 
the presence of the pathogen by the production of callose around the wound site and 
lignification of adjacent cells (Figure 4.15). This observation differed from the response of 
the plant to wounding alone. Where denser lignification of the first layer of cortical cells can 
be viewed, penetration of hyphae appears blocked. Observation of sections 2 weeks after 
infection showed no changes to the cortical tissue surrounding the wound site. Although 
hyphae were not observed in the primary vascular tissue, hyphae were detected in the smaller 
lateral xylem vessels close to the wound site (Figure 4.16). No conidia or reproductive 
structures were observed in the vascular tissue of inoculated stems.  
E 
L 
C 
X 
ph 
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Sections taken five and six weeks after inoculation of the wound site show no changes in both 
penetration of the hyphae, or response of the plant to pathogen attack. There was no evidence 
of sporulation on the surface of the wound site.  
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Figure 4.14 Colonisation of wound site and entry into stem subepidermal tissue. Stained with 
safranin and calcuflore. a). control, b). Hyphae in subepidermal cell.  Scale bar = 50 µm.  
 
 
 
 
 
 
 
 
 
a. b. 
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Figure 4.15 Lignin deposition was associated with blocking hyphae penetration in wounded 
stems a,b,c). Lignification of cortical cells associated with hyphae. d). colonisation of 
damaged cortical tissue. Scale bar= 50 µm.   
 
 
 
 
a. b. 
c. d. 
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Figure 4.16 Hyphae in lateral xylem vessels close to the wound site of infected wounded 
stem. a,c. Hyphae growing longitudinally within a xylem vessel, b. Xylem vessels heavily 
colonised by hyphae, d. damaged vessel close to wound site   Scale bar = 50 µm.  
 
 
 
 
 
 
 
 
 
a. b. 
c. d. 
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One week after root inoculation, root hairs were ensheathed in a hyphal layer. Site of hyphal 
penetration could be observed in the meristematic region of primary and lateral roots and 
both intercellular and intracellular growth was clear (Figure 4.17).  There were few signs of 
the host’s ability to prevent colonisation through the root tissue. Some cells surrounding the 
vascular tissue displayed the formation of cell wall appositions (CWA) (Figure 4.18), 
presumably lignin and various phenolic compounds, inorganic compounds and reactive 
oxygen species. In some cells containing hyphae, high concentrations of CWA were observed 
by staining with toluidine blue. In this case the hyphae appeared a different colour to the 
hyphae within cells not containing CWA (Figure 4.18).  
After 2 weeks, colonisation of the vascular tissue and fungal sporulation was clearly evident 
(Figure 4.19) and the formation of chlamydospores was also observed in the vascular tissue 
(Figure 4.19).  
Three weeks after inoculation, the root vascular tissue had become densely colonised (Figure 
4.20). In the remaining sampling weeks an increase of sporulation and symptom expression 
of the plant was observed.  
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Figure 4.17 a. Inter and intra cellular growth of hyphae through root cortical tissue near the 
vasular tissue; b. Colonisation of vascular tissue. Scale = 50 µm 
 
  
b. a. 
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Figure 4.18 Response of plant root to pathogen infection stained with toluidine blue.  a. 
production of cell wall appositions in vascular tissue and surrounding cells associated with 
fungal invasion; b,c,d. cells containing cell wall appositions in response to hyphae and show 
hyphae discoloured. Scale = 50 µm. 
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Figure 4.19 a. formation of phialide structure and microconidia within xylem cells two 
weeks after inoculation. b, c. Microconidia in xylem cells. d. formation of chlamydospore 
within xylem cells. Scale = 50 µm. 
  
 
 
a. b. 
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Figure 4.20 Three weeks after infection. Root xylem colonised with hyphae. Scale bar=50 
µm. 
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4.3.3.4 Experiment 4: Stem infections in high humidity 
In the 28 inoculated plants maintained at high humidity, no hyphae were observed penetrating 
the epidermal or cortical stem tissue. Dense hyphal growth was observed on all the wound 
sites where inoculation occurred. Unwounded plants showed no signs of penetration at the 
stem inoculation point.  
 
4.3.3.5 Experiment 5: Germination on wounded and unwounded leaf tissue. 
Limited conidial germination was observed on three of the 48 leaf sections examined, 
however no penetration of the epidermis was observed.  
 
4.4 DISCUSSION 
The framework vascular wilt model proposed by Beckman (1987) states that macro and 
microconidia are important for the colonisation and completion of the disease cycle. 
Although not recognised by Beckman (1987), sporulation of F. oxysporum macro and 
microconidia on infected host stem surfaces and subsequent air borne conidia is now 
recognised as typical symptomology of some F. oxysporum f. spp. (Katan et al. 1997; 
Gamliel et al. 1996; Rekah et al. 2000). 
While various studies of Fusarium vascular wilt investigate the colonisation and pathogen 
establishment in host root tissue (Inoue et al. 2002; Lagopodi et al. 2002; Di Pietro et al. 
2003; Ohara et al. 2004; Czymmek et al. 2007; Hall et al. 2013), few studies have addressed 
the role of air borne conidia in the disease cycle, and the potential of air borne conidia to 
infect above ground plant tissue, including stems and leaves (Rekah et al. 2000). This is the 
first study to investigate the ability of F. oxysporum f. sp. cucumerinum airborne conidia to 
infect stems and leaves. 
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In this Chapter, attempts to monitor infection through stem and leaf tissue were made using 
reporter protein transformants and classical microscopy. The transformation of F. oxysporum 
f. sp. cucumerinum using the reporter proteins GFP and dtomato was successful, however 
was of limited use in the microscopic observation of the infection process of F. oxysporum f. 
sp. cucumerinum on cucumber stem tissue. The gene markers appeared to be expressed 
mainly in the cytoplasm of the hyphae, and not the cell walls, giving the hyphae a globular 
appearance and making it difficult to observe the location of the hyphae in the plant tissue 
(Mikkelsen et al. 2003; Eckert et al. 2005). The reporter gene infection studies were also 
limited by the instability of gene expression after subculture and the lack of expression in 
fungal reproductive structures.  
Variable expression levels of protein markers have been commonly encountered when 
attempting to transform filamentous ascomycetes including Leptosphaeria sp. and 
Oculimacula spp. with both GFP and DsRed (Eckert et al. 2005) and Trichoderma sp. 
(Mikkelsen et al. 2003). Eckert et al. (2005) suggests that varying expression levels may be 
due to a species-specific compatibility with the promoter rather than preferential reporter 
protein synthesis. In addition, cytoplasm is unevenly distributed inside fungal hyphae, with 
most cytoplasm concentrated near the hyphal tip with large areas of highly-vacuolated or 
empty hyphae. Thus, expression can be uneven in collapsed hyphal cells, whereas young 
hyphal tips always expressed brilliantly (Eckert et al. 2005). My study suggests that the 
promoters TrpC and gpdA are incompatible with F. oxysporum f. sp. cucumerinum or 
alternatively, lack of expression was due to poor or low copy number gene integration.    
Successful insertion of the plasmid into F. oxysporum f. spp. has been reported using a 
diversity of protocols. Agrobacterium tumefaciens mediated transformation is recognised for 
its practicality and efficiency (Groot et al. 1998), however, successful transformation of F. 
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oxysporum f. sp. cubense (Visser et al. 2004) and F. oxysporum f. sp. radicis-lycopersici 
(Lagopodi et al. 2002) using polyethylene glycol (PEG) and CaCl2 mediated transformation 
of protoplasts and spheroplasts has also been reported. Greater success integrating the 
reporter gene marker, or increasing copy number may have been achieved using these 
alternative transformation protocols, potentially increasing the reporter protein expression.  
Although using reporter proteins to investigate the infection process of F. oxysporum f. sp. 
cucumerinum through stem tissues was uninformative, conventional microscopy allowed 
monitoring of pathogen attempts to penetrate and colonise the host tissue.  
Rekah et al. (2000), by isolating the pathogen from conidial-inoculated stems and leaves, 
reported that conidia of Fusarium oxysporum f. sp. radicis-lycopersici and F. oxysporum f. 
sp. basilica could penetrate tomato and basil foliage and move systemically to the crown and 
roots of their host plants. In this Chapter, sectioning and staining of fixed tissue showed 
limited colonisation of stem wounds or leaves. Although conidia germinated successfully on 
wound stem surfaces, F. oxysporum f. sp. cucumerinum was not observed penetrating past the 
stem cortical tissue. Wounding of stem tissue and infection of the pathogen was associated 
with rapid deposition of callose and lignin in wounded epidermal and cortical cells that 
appeared to block colonisation of the stem xylem through wounds. 
Although hyphae were not observed in the primary vascular tissue of the stem, hyphae were 
seen in lateral xylem vessels leading to the petiole. Hall et al. (2013) reported the ability of F. 
oxysporum f. sp. vasinfectum hyphae to move laterally and infect adjacent cells. While not 
observed in my experiments, it remains possible that hyphae could grow back from the 
petiole xylem into the stem vascular bundle and colonise the vascular tissue of stem.  
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Although the wound sites did not provide an easy point of entry for the pathogen, spores 
germinated on the wound and developed into superficial hyphal growth. While no evidence 
of sporulation was observed on wound sites in this trial, the possibility of spore production on 
wounds cannot be excluded under different environmental conditions or after a longer time. 
In contrast, there were no signs of conidial germination on the surface of unwounded plants at 
the inoculation point. 
Successful host colonisation depends on the ability of the pathogen to process, integrate and 
respond appropriately to various extracellular stimuli, such as physical and chemical 
properties of the plant surface, intra and intercellular spaces, and environmental conditions 
including temperature and the availability of nutrients and moisture (Kim et al. 2011; Perez-
Nadales and Pietro 2011; Murillo-Williams and Munkvold 2008; Di Pietro et al. 2001; 
Adachi and Hamer 1998). Based on the evidence of these experiments it can be proposed that 
infection through the wound point of the cucumber stem tissue is not possible due to the 
combination of the strong response from the host to wounding and pathogen attack, and also 
the inappropriate environmental conditions.  
Although conidia are able to be aerially disseminated from sporulating stems (Katan et al. 
1997; Gamliel et al. 1996; Rekah et al. 2000) it seems unlikely that conidia landing on leaf 
and stem surfaces can directly result in a new infection by penetrating healthy or wounded 
stem or leaf tissue. However, it appears that the result of airborne conidia is an increase in 
dissemination of the pathogen, from either plant to plant or plant to growth substrate, 
throughout the greenhouse. 
This result opposes the findings of Rekah et al. (2000). This difference may be due to the fact 
that infection was only inferred by Rekah et al. (2000), as they did not directly observe the 
germination of conidia or hyphal penetration. A closer examination of the infection process 
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of Fusarium oxysporum f. sp. radicis-lycopersici and F. oxysporum f. sp. basilica on their 
respective hosts would clarify this apparent difference to F. oxysporum f.sp. cucumerinum on 
cucumber.  
In comparison to the rapid defence response in stems, the cellular response of the root tissue 
to fungal invasion was less obvious. Hyphal penetration was observed in the meristematic 
region of primary and lateral roots. However, other modes of entry of vascular wilt pathogens 
have also been suggested via root tips (Beckman 1987; Hall et al. 2013), lateral roots (Hutson 
and Smith 1983) or through wounds facilitated by fungal gnat larvae (Dennis 1978; Gillespie 
and Menzies 1993).  
Studies on modes of infection of vascular wilt pathogens argue that direct lateral root 
penetration is rare and that there is usually a high level of resistance to infection by 
extravascular tissues (Hall et al. 2013; Sun et al. 2013). A study of infection of tomato roots 
by three vascular wilt pathogens outlined the defence barriers by extravascular tissue to 
prevent direct penetration to the vascular tissue (Bishop and Cooper 1983). These included 
formation of cell wall appositions, including callose, papillae, lignification and various 
phenolic compounds and inorganic compounds and reactive oxygen species (Bishop and 
Cooper 1983). These reactions were observed in the infection of F. oxysporum f. sp. 
cucumerinum through the root cortical tissue of cucumber. However, the production of cell 
wall appositions and reactive oxygen species did not prevent pathogen entry into the vascular 
tissue of the cucumber root. 
The results in this Chapter indicate that the role of airborne inoculum is for dissemination of 
the pathogen. This poses the question as to what risk is associated with airborne inoculum 
levels and disease development. The results of the inoculum load experiment show that 
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disease can be consistently initiated after inoculation of seedlings roots with as few as 1,000 
conidia. This result indicates that plants may be at significant risk of infection through roots 
by disseminating air borne conidia. In addition, the glasshouse trial results presented in this 
Chapter also suggest that high relative humidity does not lead to increase threat of infection 
through stem wound sites. Similarly, temperature has little effect on the disease progression, 
however, wounding may increase expression of disease. Therefore, variability in temperature 
and relative humidity within the greenhouse should not increase the potential of disease 
expression following root infection from airborne conidia. However, the findings in Chapter 
3 suggest that variability in relative humidity may lead to an increase in spore release. 
In conclusion, above ground plant tissue appears to not be at risk from germinating F. 
oxysporum f. sp. cucumerinum conidia, however, vegetative growth over wound sites may 
provide additional inoculum sources. The role of airborne inoculum of F. oxysporum f. sp. 
cucumerinum appears to be for dissemination of the pathogen. This finding has important 
implications for disease management strategies and cultural practices in greenhouse 
cucumbers. Further investigations of the role of air borne conidia in the disease cycle of other 
F. oxysporum f. spp. are required to draw a greater understanding of aerial phase of the soil 
borne pathogen F. oxysporum. 
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Chapter 5   
The role of insects in the disease cycle 
 
5.1 INTRODUCTION 
The stable, warm and humid conditions of greenhouses provide an ideal breeding 
environment for both beneficial and detrimental insects. Herbivorous insects can be highly 
destructive and cause significant crop loss (Zepa-Coradini et al. 2010; Dimetry et al. 2013). 
While damage caused by herbivorous insects is recognisable, otherwise harmless insects can 
play a hidden role as vectors of plant pathogens (Dennis 1978; Harris et al. 1996; Jarvis et al. 
1993; Konam and Guest 2004, Cloyd and Zaborski 2004; Elmer 2008). 
Shore flies (Diptera: Ephydridae) and sciarid flies (Diptera: Sciaridae), are common insects 
found in greenhouse grown crops, where they reside on the surface of the plant growth 
medium (Dennis 1978). The larvae of these flies feed on fungi and other organic matter 
(Harris et al. 1996), including algae and plant roots, causing wounds that reduce plant vigour 
and facilitate the entry of pathogens (Leath and Newton 1969; Graham and McNeill 1972; 
Kennedy 1974; Springer 1995a; Springer 1995b).  
Adult flies are not known to damage seedlings or adult plants, however limited studies 
indicate that adult fungal gnats are aerial vectors of soilborne fungal pathogens in 
greenhouses and nurseries, including Fusarium foetens on Hiemalis begonias (Elmer 2008), 
Fusarium avenaceum on lisianthus (El-Hamalawi and Stanghellini 2005), Fusarium 
oxysporum f. sp. radicis-lycopersici on tomato (Gillespie and Menzies 1993), Pythium 
aphanidermatum on cucumber plants (Goldberg and Stanghellini 1990) and Verticillium 
albo-atrum on alfalfa (Kalb and Millar 1986). Adult shore flies (Scatella sp.) have also 
demonstrated to serve as aerial vectors for Thielaviopsis basicola on corn salad (Stanghellini 
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et al. 1999), Pythium aphanidermatum on cucumber plants (Goldberg and Stanghellini 1990) 
and Fusarium avenaceum on lisianthis (El-Hamalawi and Stanghellini 2005). 
Sciarid flies have been shown to contribute significantly to the introduction and rapid spread 
of certain soilborne pathogens, particularly those that are capable of sporulating above 
ground on stem surfaces, as spores can easily attach to the bodies of flying insects (El-
Hamalawi 2008). Sciarid flies have also been reported to carry pathogens by trans-stadial 
transmission (Gardiner et al. 1990; Jarvis et al. 1993), involving ingestion of spores by root-
feeding larvae. Some of the ingested spores remain viable in the digestive tracts after 
pupation and into the adult life stage, allowing the fungus to be spread through the faeces and 
carcass of the adult (Gardiner et al. 1990; Jarvis et al. 1993). 
 
In contrast, some studies have shown no direct evidence of pathogenic fungal propagules on 
sciarid flies, even when the sciarid flies were assumed to be responsible for the rapid spread 
of the fungal pathogen (Jarvis et al. 1993; Hurley et al. 2007). Fungal pathogens that cause 
significant disease in South African nurseries, such as Fusarium circinatum (Wingfield et al. 
2002) and Botrytis cinerea (Crous et al. 1989), were thought to be vectored by Bradysia 
difformis, however neither of these pathogens were detected on the fly bodies using specific 
DNA-based diagnostics (Hurley et al. 2007). Similarly, although trans-stadial transmission of 
Pythium aphanidermatum oospores from the larval to the adult stage of Bradysia impatiens 
was demonstrated in cucumber plants, external transmission of P. aphanidermatum on the 
surface of adults could not be shown (Jarvis et al. 1993). These results show the importance 
of correctly identifying the nature of the association of insects to fungal pathogens in order to 
develop correct management strategies.  
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Although sciarid flies can act as vectors of soilborne pathogens, there is limited quantitative 
evidence evaluating the scale of risk they pose to commercial crops. Quantification of total 
spore carrying capacity, including external and internal transmission, is required to determine 
risk associated with flies as aerial vectors of disease, and would allow an informed integrated 
management plan of pest and disease to be developed.   
Traditionally, detection and quantification of fungal spores carried by insects has involved 
plating captured insects on pathogen selective media (Harrington 1992; Schweigkofler et al. 
2005). Fungal isolates obtained from environmental samples like insects need to be purified 
and identified morphologically. This procedure is time consuming and the successful 
isolation of targeted pathogens can be highly challenging due to the potential diversity of 
fungal spores carried on the insect. Molecular diagnostic tools offer an alternative for the 
rapid and specific identification of plant pathogens on insect vectors.  
This chapter investigates the proposition that adult fungal gnats and shore flies are 
responsible for the rapid spread of the pathogen F.oxysporum f. sp. cucumerinum within 
cucumber greenhouses. The sensitive DNA-based marker and real-time PCR assay, described 
in Chapter 2, is used to test the potential of sciarid and shore flies to be aerial vectors of F. 
oxysporum f. sp. cucumerinum, and to accurately quantify the inoculum carried by an 
individual fly. This enables the scale of risk associated with these insect vectors to be 
assessed by comparing their carrying capacity to the relationship between inoculum density 
and disease severity, as determined in Chapter 4. This study also provides information on the 
external acquisition of fungal propagules of F. oxysporum f. sp. cucumerinum from infected 
cucumber stems and determines the ability of sciarid flies to transmit disease to healthy 
plants.
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5.2 MATERIALS AND METHODS 
5.2.1 Quantification of spores carried on sciarid and shore flies in commercial 
greenhouse 
5.2.1.1 Fly survey and sampling in commercial cucumber greenhouse  
Flying insects were sampled during the April – July 2012 crop cycle in a commercial 
cucumber greenhouse at Rossmore, Sydney, Australia. This greenhouse was selected due its 
high incidence of wilt disease caused by F. oxysporum f. sp. cucumerinum and limited 
application of insecticides. Twenty-eight sticky traps were hung throughout the greenhouse, 
at the plant stem bases, using a stratified sampling regime, placing 4 traps per row with a 
space of 10 meters between each trap. Traps were collected every 14 days and replaced with 
a new sticky trap in the same position. Flies on the traps were counted and identified as 
Sciaridae, Ephydridae or other insects (Steffan 1966; Zatwarnicki 1997). Also at this time, the 
incidence of disease symptoms (as a percentage of the plants expressing disease) throughout 
the crop was estimated. These data were used as an unbiased estimate of the fly communities 
found throughout the crop. 
 
5.2.1.2 Collection of greenhouse sciarid and shore flies 
Over three different sampling weeks during the crop harvest period 200 adult sciarid flies and 
200 adult shore flies were collected manually throughout the greenhouse, using a hand held 
mini vacuum. The flies were transferred into a plastic zip lock bag before placing them into a 
freezer at -20°C until DNA extraction was conducted.  
 
 
154 
 
5.2.1.3 DNA extraction 
DNA was individually extracted from each entire fly using a modified phenol/chloroform 
bead-beating plus glycogen DNA extraction protocol (Ward 2009). Each fly was suspended 
in 400 µL of Lysis buffer in a microcentrifuge tube with 0.4 g of 425-600 µm acid washed 
glass beads (Sigma-Aldrich Ltd. Pty. Castle Hill, NSW, Australia) with a ceramic bead 
added. The samples were homogenised for two periods of 3 minutes with 2 minutes on ice in 
between each homogenisation period. Following homogenisation, DNA extraction followed 
the method described in Chapter 3. 
 
5.2.1.4 Quantitative PCR 
F. oxysporum f. sp. cucumerinum specific quantitative real time primers (Foc F8 and Foc R2) 
were used in this study (Scarlett et al. 2013). The insect samples were scored as either 
positive or negative for F. oxysporum f. sp. cucumerinum using PCR. The 12 μL PCR 
mixture contained 7.7 μL of sterile water, 2.4 μL of 5 x buffer, 1.2 μL of dNTP (2mM), 0.6 
μL of MgCl2 (50 mM), 0.3 μL of FocF8 (10 µM) and 0.3 μL of FocR2 (10 µM), 0.12 μL of 
Taq polymerase (Mango Taq; Bioline, Sydney, Australia) and 0.6 μL of DNA template with 
thermocyclic conditions as follows: initial denaturation of 5 min at 95°C, followed by 45 
cycles of 30 sec at 95°C, 30 sec at 65°C, 30 sec at 72°C and a final extension period of 5 min 
at 72°C.  
Inoculum load on each fly that tested positive was quantified using qPCR. A standard curve 
was first established based on 1 copy/µL to 106 copies/µL of purified PCR product in the 
presence of 10 ng background fungal gnat DNA. From this standard curve the threshold was 
set manually where the efficiency remained constant and this threshold was applied to all 
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samples. The amplification efficiency (AE) was calculated from the slope of the standard 
curve using the equation AE=10(1/slope) – 1 ×100 (Ibekwe and Grieve 2003; Towe et al. 2010).  
The 10 µL qPCR reaction mix consisted of 2 × SYBR green hot start (Roche Products Pty 
Ltd, Dee Why, NSW, Australia), 1.67 mM of each primer and 1 µL of template DNA. The 
lightcycler conditions were as previously described. After the final amplification cycle, a 
melting curve temperature profile was obtained by heating to 95˚C, cooling to 72˚C, and 
slowly heating to 95˚C at 0.5˚ C every 10 seconds with continuous measurement of 
fluorescence at 520 nm.   
 
5.2.2 Retention and transmission of F. oxysporum f. sp. cucumerinum by adult flies 
5.2.2.1 Rearing of sciarid and shore flies 
A rearing method modified from Gillespie (1986) was used for these experiments. Dried 
Pinto Beans (100 g) were soaked in water for 24 h, then rinsed and ground with 500 mL 
water. The ground beans were then added to 2 L of sieved coir peat (Brunnings, Oakleigh 
South, VIC, Australia) and moistened with water. Approximately 100 mL of rearing mix was 
added to each 1 L container. Containers were wrapped in foil and covered with 100 µm mesh. 
A small amount of honey was smeared on the lid around the outside of the mesh (Gillespie 
1986). Twenty five to 35 adult female and male gnats were added to each container and were 
incubated at room temperature (18-25oC). A new cycle of sciarid flies emerged after 16-18 
days.  
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5.2.2.2 Fungal cultures 
A single spore culture of F. oxysporum f. sp. cucumerinum (EMAI 47) obtained from a 
naturally infected cucumber plant (Cucumis sativus) was maintained on potato dextrose agar. 
Subcultures of this isolate were grown and maintained at room temperature on ¼ potato 
dextrose agar (¼ PDA) in Petri plates and were used in all experiments. 
 
5.2.2.3 Pathogen Retention by adult insects  
Twenty adult sciarid and 20 shore flies were placed on 8-day-old sporulating fungal cultures 
of F. oxysporum f. sp. cucumerinum (five insects per culture plate). Insects were exposed to 
the sporulating fungal cultures for 12 hours after which they were transferred alive to ¼ 
strength PDA agar plates (one insect per plate) and incubated for 24 hours at room 
temperature. Each insect was then moved to fresh ¼ strength PDA at 24 hour intervals over a 
96 hour period. The number of F. oxysporum f. sp. cucumerinum colonies that developed on 
agar plates was enumerated following plate incubation for 6 days at 24°C. 
 
5.2.2.4 Transmission by adult sciarid flies 
Cucumber (Cucumis sativus cv. ‘Deena’) seedlings were grown as described above, with two 
plants in each pot filled three-quarters full with coir peat (Brunnings, Oakleigh South, VIC, 
Australia). When the plants were at the first true leaf stage they were enclosed in nylon mesh 
(100 µm) fabric cages. Each cage held six pots containing healthy plants and one pot 
containing cucumber plants showing symptoms of infection by F. oxysporum f. sp. 
cucumerinum. Seventy five adult sciarids were placed into each of three cages. Infected 
plants were excluded from one control treatment cage while another control treatment 
excluded flies but had the infected plants. Adult sciarid flies were collected from their stock 
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colonies by gently vacuuming them into collection bags and releasing them inside the cage. 
To check for contamination of F. oxysporum f. sp. cucumerinum on sciarid flies prior to 
introducing them into the cages, 20 adult sciarid flies were collected, briefly frozen, plated 
onto Peptone PCNB Agar (PPA) selective media (Nash and Snyder 1962) and incubated at 
25oC. After 5 days, no Fusarium spp. colonies were detected on the plates.  
Plants were grown in the cages for 8 weeks, long enough for 2 generations of sciarid flies 
(Gillespie 1986). Disease incidence was rated using the disease scale presented in Table 1. 
Twenty adult sciarid flies were captured and frozen to test for presence of F. oxysporum f. sp. 
cucumerinum by molecular identification using specific primers Foc F8 and Foc R2 (Scarlett 
et al. 2013). This experiment was repeated twice.  
 
5.2.3 Detection of external infestation of adult insects by microscopy 
Twenty adult sciarids and shore flies were placed in Petri plates (five insects per plate) 
containing 8 day old sporulating fungal cultures for 12 hours. The insects were killed by 
freezing at -20° C for 2 hours, stained with toluidine blue and examined using an Olympus 
BX51 microscope with Nomarski differential interference contrast (DIC) optics. Images were 
captured with an Olympus DP70 digital camera (Olympus Australia Pty. Ltd. Mt. Waverley, 
VIC, Australia), and environmental scanning electron microscopy using FEI Quanta 200 3D 
(FEI Australia, Milton, QLD, Australia).  
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5.3 RESULTS 
5.3.1 Sticky trap data with onset of disease 
The most abundant fly communities identified throughout the cucumber crop using the sticky 
traps method were sciarid (Sciaridae; Figure 5.1) and shore flies (Ephydridae; Figure 5.2). 
Throughout the entire cropping period there were significantly more sciarid flies (at P < 
0.001) caught than shore flies or other insect groups (P < 0.001).  Both Braysia spp. and 
Lycoriella spp. were identified among the collected sciarid flies (Steffan 1966). Other insects 
caught on the sticky traps throughout the crop cycle included whitefly (Aleyrodidae), 
mothflies (Psychodidae) and common flies (Muscidae). The first disease symptoms including 
wilting of lower leaves and browning of the stem base appeared eight weeks after planting 
and by 12 weeks after planting 95 % of the crop showed symptoms of wilt (Figure 5.3).  
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Figure 5.1 Sciaridae (sciarid fly/fungal gnat); delicate, up to 3 mm in length, dark brown 
body, dusky wings, small head, rounded, moderately prominent eyes that meet above the 
bases of the thread-like antennae, legs and wings comparatively long (Steffan 1966),  
scale bar = 0.5 mm.  
 
 
  
Figure 5.2 Ephydridae (shore fly); measure up to 6 mm in length, black, short legs and 
antennae, which are bristle-like and shorter than the length of the head, reddish eyes and dark 
wings with light spots (Zatwarnicki 1997), scale bar =  0.5 mm.  
 
160 
 
 
 
Figure 5.3 Total number of flies caught and counted over the 12 week crop cycle (2012). 
Traps were collected every 2 weeks and the total number of each insect group was recorded. 
There were significantly more sciarid flies (at P < 0.001) caught than shore flies or other 
insect groups.  
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5.3.2 Quantification of F. oxysporum f. sp. cucumerinum carried on fungal gnats and 
shore flies  
A standard curve was developed using a specific primer pair to quantify F. oxysporum f. sp. 
cucumerinum using quantitative real-time PCR.  The relationship between Ct values and the 
copy numbers were expressed by the regression equation y = -3.3002x + 33.885, with a 
correlation coefficient (r2) of 0.9878 and an amplification efficiency (AE) of 104%. All 
assays produced a single peak in the amplification curve at 82.2˚C, confirming amplification 
of the targeted specific diagnostic sequence. The accurate quantification detection range of F. 
oxysporum f. sp. cucumerinum copy number with primers Foc F8 and Foc R2 in the presence 
of fly background DNA was between 100 to 1 000 000 copies/µL. Results that were within 
this range were used to calculate the copy number/individual.  
A total of 400 individual specimens, 200 sciarid flies and 200 shore flies were tested for the 
presence of F. oxysporum f. sp. cucumerinum using PCR. Only the PCR positive fly samples 
were used for the quantitative analysis using real time PCR. Of the 200 shore flies sampled, 
71 individuals (35.5%) carried F. oxysporum f. sp. cucumerinum and were tested using 
qPCR. Of the sciarid flies, 42 individuals (21%) were identified as positive for F. oxysporum 
f. sp. cucumerinum and tested using qPCR.  
The results of the quantification of F. oxysporum f. sp. cucumerinum copy numbers were 
grouped into 5 categories, from less than 1 x 102 to 1 x 106 copies / individual. Copy numbers 
varied across all five orders of magnitude for both shore and sciarid flies (Figure 5.4). Both 
shore and sciarid flies contained a high number of specimens without detectable spores. The 
highest conidial numbers detected were in the range of 106 copies / individual fly. Most 
frequently, the number of copies on sciarids was within the ranges of 1 x 102, 1 x 103, and 1 x 
104 (Figure 5.4). While shore flies most frequently carried between 1 x 103, and 1 x 104 and 1 
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x 105 copies/individual. Overall, F.oxysporum f. sp. cucumerinum was more frequently 
detected on shore flies, and they contained a greater copy number per individual.  
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Figure 5.4 Quantification of F. oxysporum f. sp. cucumerinum copy number detected on 
sciarid and shore flies using quantitative real-time polymerase chain reaction (qPCR) using a 
total of 71 shore flies and 42 sciarid fly individuals.  
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5.3.3 Pathogen retention by adult insects  
Both adult shore and sciarid flies retained fungal spores of F. oxysporum f. sp. cucumerinum 
over the entire testing period of 96 hours. The number of fungal colonies that developed from 
spores retained by the insect decreased over time.  There was a large variability of fungal 
colonies produced between each individual shore and sciarid fly (Figure 5.5). There was no 
significant difference (P < 0.05) between the number of colonies produced by sciarid and 
shores flies at each of the retention times.  
 
Figure 5.5 Comparison of the efficiency of adult sciarid flies and shore flies to externally 
carry F. oxysporum f. sp. cucumerinum over time. Adult insects were exposed to an 8 day old 
sporulating culture of F. oxysporum f. sp. cucumerinum for 12 hours, after which they were 
transferred singly to ¼ PDA agar plates. Each of the insects was then moved to a fresh ¼ 
PDA plate at 24 hour intervals over a 96 hour period. Fungal colonies that developed on the 
agar plates were enumerated. Vertical bars represent standard error of the mean. Columns 
with the same letter are not significantly different (P > 0.05) based on two sample t-test, 
assuming unequal variance.  
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5.3.4 Transmission by sciarid flies 
Disease symptoms began to appear in healthy cucumber plants within 4 weeks of introducing 
insects to the cages containing healthy and diseased cucumber plants. Four of the six healthy 
plants (66%) developed typical symptoms of Fusarium wilt after 2 months. Twelve of the 20 
sciarid flies (60%) that were captured from the infected treatments and screened for F. 
oxysporum f. sp. cucumerinum using specific PCR assay tested positive for the pathogen 
(Table 5.1). Healthy plants caged with symptomatic plants in the absence of sciarid flies 
remained asymptomatic. 
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Table 5.1 Transmission of F. oxysporum f. sp. cucumerinum by sciarid flies (Bradysia spp.) 
Treatment % symptomatic Mean disease 
rating a 
% sciarid flies with 
Foc b 
Control – no sciarids 0 0 - 
Addition of sciarids 66 3.5 60 
 
a Based on the disease severity scale where 0 = no disease symptoms, 1 = slight browning of 
the lower stem, 2 = extended lesion on stem > 5 cm, 3 = as for 2, but with wilting of the 
lower leaves, 4 = as for 2, but with non-permanent wilting of the newly expanded leaves, 5 = 
dead.  
b Detection of pathogen on sciarid flies was by PCR with F. oxysporum f. sp. cucumerinum 
selective primers Foc F8 and Foc R2.  
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5.3.5 External contamination  
Visual examination of adult sciarid and shore flies under the light microscope confirmed the 
presence of spores of F.oxysporum f. sp. cucumerinum on the body of the insects that had 
been exposed to a sporulating pathogen culture grown on ¼ PDA. Ninety percent of sciarids 
and 70% of shore flies carried conidia on their legs. Conidia were most commonly observed 
in the tibia and tarsus joints or above and below the joints. 
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Figure 5.6 a., b. Light microscope images of the surface contamination of adult shore flies by 
macroconidia and microconidia of F. oxysporum f. sp. cucumerinum stained with toluidine 
blue. c. Environmental Scanning Electron micrograph of microconidia on shore fly. Scale = 
50 µm. 
 
a. 
b. 
c. 
169 
 
  
  
Figure 5.7 Light microscope images of the surface contamination of adult sciarid flies by 
macroconidia and microconidia of F. oxysporum f. sp. cucumerinum stained with toluidine 
blue. Scale = 50 µm. 
 
 
 
 
 
 
 
170 
 
5.4 DISCUSSION 
DNA-based diagnostic assays and microscopic observations confirmed that adult sciarid and 
shore flies acquire and carry F. oxysporum f. sp. cucumerinum propagules, potentially 
playing a prominent role in the epidemiology of Fusarium wilt disease in greenhouse 
cucumbers. This is the first report that these flies are aerial vectors of F. oxysporum f. sp. 
cucumerinum in cucumber crops.  
Quantitative real-time PCR using the specific Foc F8 and Foc R2 primers (Scarlett et al. 
2013) allowed the detection and quantification of F. oxysporum f. sp. cucumerinum inoculum 
on adult sciarid and shore flies collected in a commercial greenhouse. The vacuum sampling 
style adopted in this study maintained the integrity of the fly bodies, allowing for total DNA 
extraction and quantification of the target pathogen, both internally and externally, on the 
adult flies allowing for potential trans-stadial transmission from the larval stage to be 
included in the detection of the pathogen.  On average, shore flies had a greater detection 
frequency and inoculum load than sciarid fly individuals. However, we could not determine 
the relative frequency of multi-celled macroconidia in relation to single-celled microconidia 
on the fly bodies. The qPCR assay used in this study quantifies a single target DNA copy per 
genome or cell. Since we could not determine the frequency of macro and micro conidia per 
fly it is not possible to accurately convert copy number to spore number.  
 
Although shore flies carried a greater inoculum load per individual as detected using qPCR, 
sciarid flies were more abundant than shore flies at the study site. The lack of relationship 
between disease onset and fly abundance supports the hypothesis that the insects are passive 
vectors of the pathogen (Gillespie and Menzies 1993; Harris et al. 1996; El-Hamalawi 2009). 
These results indicate that while the timing of disease onset does not depend on the presence 
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of sciarid flies, the high level of disease incidence indicates that the pathogen is rapidly 
disseminated through the crop through insect activity.   
Acquisition of the pathogen by insect vectors is facilitated by the sporulation of the fungus on 
above ground lesions as adult flies frequent the lower stem and peat surface (Prishchepa and 
Kondratenko 2008; El-Hamalawi 2009). In addition, larvae of the sciarid flies feed on the 
mycelium and organic matter, including healthy and diseased roots (Leath and Newton 1969; 
Graham and McNeill 1972; Kennedy 1974; Springer 1995a; Springer 1995b). The study 
focuses on the significance of aerial vectoring of F. oxysporum f. sp. cucumerinum by adult 
insects in order to understand how a soilborne pathogen spreads in soilless system. Further 
investigation is required to understand if wounding by insect larvae increases the risk of root 
infection.  
The potential inoculum carrying capacity of an insect is related to body size and surface area, 
(Schweigkofler et al. 2005) as well as insect anatomy (Schweigkofler et al. 2005; Shamshad 
et al. 2009). Bradysia ocellaris has a comb like row of bristles on their fore tibia that explains 
their greater competency as a vector compared to other sciarid genus that lack this anatomical 
feature (Shamshad et al. 2009). My data suggest inoculum carrying potential correlates with 
the larger bodies of shore flies compared to sciarid flies, however further information is 
required of how the anatomical features of each species influences the spore carrying 
potential.  
Quantification of the inoculum load on each fly has allowed us to assess the risk associated 
with these flies as aerial vectors, and has demonstrated the significance of their role in the 
spread of disease. The results of the inoculum load experiment described in Chapter 4, show 
that disease can be consistently initiated after inoculation of seedlings with as few as 1,000 
conidia. The spore carrying capacity of an individual shore or sciarid fly determined in this 
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study indicates that both shore and sciarid flies are capable of carrying enough inoculum to 
initiate disease.  
Molecular tools such as real time PCR are able to selectively and accurately quantify 
inoculum loads carried by insect vectors, both internally and externally. Internally borne 
propagules are important because of the potential for trans-stadial transfer (El-Hamalawi 
2008). Direct spore counting techniques may exclude internally borne inoculum that may be 
present in the carcass of the insect and therefore underestimate the disease carrying potential 
of insect vectors (Harrington 1992).  
Sciarid and shore flies both acquire F. oxysporum f. sp. cucumerinum within 12 hours of 
contact and retain conidia externally for up to 92 hours after exposure, supporting the 
findings of  El-Hamalawi (2008) who reported that sciarid flies carried Fusarium 
acuminatum for 92 hours. Although shore flies carried a significantly greater inoculum load 
than sciarid flies, there was no significant difference in the number of colonies formed on 
agar plates exposed to each species. This difference highlights the importance of ‘in crop’ 
sampling and shows how conclusions drawn from in vitro experimentation may be 
misleading if they do not account for behavioural differences, territories or competition 
between insects.  
Frass deposits from the adult flies were not tested for pathogen DNA. Adult sciarid flies have 
been reported to feed on nectar, molasses and ‘organic ooze’ (Harris et al. 1996), and 
Kennedy (1974) described adult insects as aphagous. El-Hamalawi (2008) indicated that frass 
deposits from adult sciarid that had been exposed to F. acuminatum did not yield fungal 
colonies on the agar media. Therefore in this study, it is assumed that colonies that formed on 
agar plates are the sole result of external transmission.  
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The potential of sciarid flies to aerially vector the pathogen was confirmed in a glasshouse 
trial, where sciarid flies acquired the pathogen and spread it to healthy plants, causing 
characteristic vascular wilt disease. El-Hamalawi and Stanghellini (2005) provided evidence 
that shore and sciarid flies were attracted to, and readily acquired, macroconidia of F. 
avenaceum produced on naturally infected stems of lisianthis, vectoring macroconidia to 
healthy plants resulting in disease. My results support the evidence of Elmer (2008), who 
showed that between 66% and 83% of healthy begonia caged with Fusarium foetens-infected 
begonias and sciarid flies developed typical symptoms of Fusarium wilt after 2 months.  
In conclusion, both sciarid and shore flies have been shown to act as aerial vectors of F. 
oxysporum f. sp. cucumerinum in commercial cucumber greenhouses. Control measures that 
rely on evaluating risk potential need to take into account the presence of multiple Diptera 
families, as different families may have greater or less risk associated with vectoring of 
fungal pathogens. Therefore, disease management strategies for Fusarium wilt in greenhouse 
cucumbers must incorporate cultural and biological controls of sciarid and shore flies. This 
could include reducing surface moisture and minimising the exposure of the growing 
medium, monitoring insect numbers and introducing effective biological controls.
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Chapter 6  
General Discussion  
Monitoring of airsamples in commercial greenhouse cucumber crops over two years 
demonstrated that airborne conidia of F. oxysporum f. sp. cucumerinum play a role in the 
disease cycle of Fusarium wilt. Conidia were shown to be present in air samples taken in a 
commercial cucumber greenhouse. Conventional assays that attempt to quantify plant 
pathogens in environmental samples, including colony counting on selective media or spore 
counting on tape, have proved time consuming and laborious, often with limited accuracy 
(Capote et al. 2012). I developed a specific and highly sensitive DNA-based quantitative 
assay that vastly improved the sensitivity and accuracy of detection of airborne conidia of F. 
oxysporum f. sp. cucumerinum. The assay is capable of detecting 0.0118 fg DNA/μL, which 
equates to 100 target RAPD marker copies/μL, in 10 ng/ μL of soil, fly and host plant 
background DNA.  
Previous DNA-based molecular assays that attempted to quantify F. oxysporum in 
environmental samples were based on standard curves derived from target DNA 
concentration rather than copy number. The detection limits of these assays are estimated to 
be in the range of 10 fg/μL (Jimenez-Fernandez et al. 2010; Pasquali et al. 2004, 2006; 
Zambounis et al. 2007). The usefulness in determining DNA concentration in studies that aim 
to quantify inoculum load is arguable as the benefits and limitations depend on the sample 
type and research question. For the purpose of this study, a sensitive assay to estimate the 
inoculum load in reference to conidia number proved more informative as it allowed risk of 
disease to be estimated in reference to number of pathogen propagules released as airborne 
conidia or carried on insect vectors. Estimating risk of disease associated with each mode of 
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pathogen dissemination allows management interventions to be identified from 
epidemiological studies.  
The difference between the detection limit of this assay and previous assays can be attributed 
to the greater efficiency of the shorter length product fragment (Champlot et al. 2010). 
However, a limitation of ultra-sensitive short fragment DNA is the greater potential for 
contamination from DNA aerosols, carry over contamination to reagents, laboratory surfaces 
and samples (Champlot et al. 2010). Furthermore, estimating F. oxysporum inoculum load 
based on copy number is confused by the presence of both single copy microconidia and 
multi copy macroconidia. To overcome this challenge, proportions of spore types in the 
samples should also be determined when converting copy number to an estimate of spore 
load.  
A glasshouse inoculum density trial found that as few as 1,000 F. oxysporum f. sp. 
cucumerinum conidia were sufficient to initiate disease expression on cucumber plants. This 
finding allows the disease risk associated with aerial modes of dissemination to be estimated. 
Previous inoculum density infection trials have shown that as few as 100 conidia mL -1 
Fusarium foetens were sufficient to cause significant disease on Hiemalis begonia (Wohanka 
2003; Elmer 2008). Although this inoculum concentration appears low, the authors do not 
indicate how many mL of inoculum suspension were applied in their trials. Therefore, they 
do not estimate the actual number of pathogen propagules that have resulted in infection in 
one plant. In my study conidia number, estimated from the copy number of the target RAPD 
marker in qPCR, is detected in different modes of aerial dissemination, such as insect 
vectoring and airborne conidia. Modes of aerial dissemination capable of spreading 1,000 
conidia or more can be considered a significant risk in disease dissemination.  
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Studies of the F. oxysporum disease cycle have primarily focused on the ‘Second 
Determinative Phase’ (Beckman 1987), involving penetration and colonisation of host root 
tissue (Inoue et al. 2002; Lagopodi et al. 2002; Di Pietro et al. 2003; Ohara et al. 2004; 
Czymmek et al. 2007; Hall et al. 2013). Few studies have demonstrated the potential for an 
aerial phase of some F. oxysporum f. spp., where conidia detach from sporulating host stems 
and become airborne (Rowe et al. 1977; Vakalounakis 1996; Gamliel et al. 1996; Katan et al. 
1997; Rekah et al. 2000). Detection of airborne macro and microconidia of F. oxysporum f. 
sp. cucumerinum supports the evidence that the disease cycle of F. oxysporum f. spp. 
involves airborne inoculum (Rowe et al. 1977; Gamliel et al. 1996; Katan et al. 1997; Rekah 
et al. 2000).  
Although previous studies have presented evidence of airborne conidia in greenhouse and 
field crops, this is the first attempt to understand the mechanisms that prompt liberation of F. 
oxysporum conidia. A change in relative humidity was the primary factor responsible for 
change in conidia number. These results are consistent with previous investigations that have 
shown the presence of moisture or fluctuations in relative humidity to be the primary 
environmental factor prompting the active mechanism for spore release of both soil-borne 
and aerially borne plant pathogens (Lacey 1986; Lacey 1996; Paulitz 1996; Byrne et al. 2000; 
Rossi et al. 2002; Urbez-Torres et al. 2010). Therefore, the mechanism for spore liberation of 
F. oxysporum f. spp. from host plant stems may be prompted by fluctuations in relative 
humidity.  The variability in spore number also suggests that in addition to the relationship 
between fluctuations in relative humidity and spore release, dislodging of conidia may also be 
due to mechanical disturbance (Lacey 1986). Further studies are required to distinguish 
whether mechanical disturbance or fluctuation in humidity is more important for spore 
release in greenhouse cucumbers. 
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The potential for spores to become airborne suggests that the pathogen is polycyclic, 
infecting multiple hosts in one growing season. The question of whether airborne conidia can 
infect above-ground plant tissue, such as stems or leaves, has had very limited investigation 
(Rekah et al. 2000). The hypothesis that airborne conidia of F. oxysporum f. sp. radicis-
lycopersici or F. oxysporum f. sp. basilica can enter the primary vascular tissue via 
penetration of the stem cortical tissue or leaf tissue, as described by Rekah et al. (2000) in 
tomato and basil plants, in particular through wound sites that result from crop maintenance 
activities, was rejected in this study. Although F. oxysporum f. sp. cucumerinum conidia 
germinated and hyphae grew over inoculated wound sites, no clear observation of hyphal 
penetration past the cortical layer or entering the primary vascular tissue was found. 
However, hyphae were observed in the lateral xylem tissue. This suggests that in some cases 
it may be possible for the pathogen to reach the vascular tissue through wound sites and it can 
not be excluded that wounding is of no risk to infection from aerial conidia.  
The difference between these results found in this study and those presented by Rekah et al. 
(2000) may be due to the methods employed. Rekah et al. (2000) inferred penetration and 
colonisation by isolation, however did not report visual confirmation of penetration of the 
cortical tissue by the pathogen. A closer examination of the infection process of Fusarium 
oxysporum f. sp. radicis-lycopersici and F. oxysporum f. sp. basilica on their respective hosts 
would clarify this apparent difference to F. oxysporum f. sp. cucumerinum on cucumber. 
In comparison to inoculated roots, wounded plant stems inoculated with F. oxysporum f. sp. 
cucumerinum conidia showed strong wound repair and defence responses. Physical defence 
barriers including lignification of damaged tissue and callose formation were observed 
around the infected wound site. In contrast, few defence responses were observed in the root 
tissue following pathogen invasion. Further studies to determine the plant defence responses 
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that prevent entry of the pathogen through wounded stem tissue would give more complete 
overview into why this pathogen was only observed penetrating through root tissue. 
Both macro and microconidia can become airborne, and they appear to play a role in the 
dissemination and propagation of the pathogen. This finding supports the theory that F. 
oxysporum is polycyclic, however, my study indicates that new infections are restricted to the 
root zone, initiating vascular colonisation through roots. This suggests that management of 
airborne conidia in soilless crops will assist in managing the spread of Fusarium wilt disease 
in greenhouse cucumbers, particularly in crops that utilise individual bag growth substrates. 
Airborne conidia have also been reported as an important means for dissemination of F. 
oxysporum f. sp. radicis-cucumerinum (Vakalounakis 1996), although Punja and Parker 
(2000) found that the aerial spread of F. oxysporum f. sp. radicis-cucumerinum was minimal 
in their study. To have a greater understanding of the impact of airborne conidia in 
dissemination of the pathogen, further studies should investigate the potential distance F. 
oxysporum airborne conidia can travel within a greenhouse crop.  
Sciarid and shore flies proved to be aerial vectors of F. oxysporum f. sp. cucumerinum and 
were shown to potentially carry enough inoculum to initiate disease. In a glasshouse trial, 
sciarid flies were shown to transfer inoculum from diseased cucumber plants to healthy 
cucumber plants, resulting in disease. Although sciarid and shore flies have been shown to 
vector other greenhouse pathogens (Gillespie and Menzies 1993; Harris et al. 1996; 
Schweigkofler et al. 2005; Elmer 2008; El-Hamalawi 2009; Shamshad et al. 2009) 
determining the total amount of inoculum they are carrying within a commercial crop had 
never been estimated using DNA-based assays. Determining the inoculum level potentially 
being carried by an individual allows an understanding of the risk they pose in disseminating 
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the pathogen and gives an indication of emphasis that should be placed on control measures 
for insect pests in greenhouse crops.  
This study indicated that acquisition of the pathogen is facilitated by the sporulation of the 
fungus on above ground lesions where adult flies frequent. This result is consistent with 
previous studies that indicate that sciarid flies are passive vectors of fungal plant pathogens 
(Prishchepa and Kondratenko 2008; El-Hamalawi 2009). In vitro experimentation in this 
study supports the findings that the external inoculum carrying capacity of an insect is related 
to body size and surface area (Schweigkofler et al. 2005), as well as insect anatomy 
(Schweigkofler et al. 2005; Shamshad et al. 2009). However, results from in-crop sampling 
and in vitro experiments in this study were conflicting. Sciarid flies were demonstrated to 
carry a greater inoculum load than shore flies in in vitro studies, while in the commercial 
crop, shore flies carried a greater inoculum load. From this difference it was concluded that in 
vitro studies do not account for natural interactions between multiple species that are present 
in crops. The ability of an insect to acquire fungal propagules in crops may be affected by 
behavioural differences, territories or resource competition between insects.  
This result places emphasis on the importance of in-crop sampling when determining likely 
pathogen vectors. Further information of how the anatomical features of each species 
influences the spore carrying potential is required. However, determining the ability of an 
insect to carry high inoculum loads may not result in them being the greatest risk in disease 
dissemination in a natural situation. Control measures that rely on evaluating risk potential, 
such as integrated pest management, need to take into account this finding that different 
Diptera families may have greater or lower risk as vectors of fungal pathogens. 
In addition, larvae of sciarid flies have shown to spread Pythium species in cucumbers 
(Gardiner et al. 1990; Jarvis et al. 1993). The focus of this study was on the ability of adult 
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sciarid and shore flies to aerially vector F. oxysporum f. sp. cucumerinum. Further 
investigation is required to understand the role of the fly larval stage in disease progression as 
they have also been attributed to causing wounding on the root of plants, increasing the risk 
of infection.  
While addressing the hypothesis of an aerial phase of F. oxysporum f. sp. cucumerinum was 
the primary focus of this study, other modes of dissemination of F. oxysporum f. sp. 
cucumerinum were identified. Irrigation water and recycled growth media tested positive for 
F. oxysporum f. sp. cucumerinum. Therefore, crop hygiene, including introduction of 
pathogen free planting material, sanitation of irrigation supply, greenhouse surfaces and 
growth media, should all be recognised as routine greenhouse cropping management (Zinnen 
1988; Jarvis 1989). However, without the understanding of the risk of disease associated with 
aerial dissemination, surface and irrigation sanitation would be a wasted expense.  
The findings of this study can now be used to assist in the development of effective cultural 
management strategies of F. oxysporum f. sp. cucumerinum in greenhouse cucumbers.  
Management of F. oxysporum f. sp. radicis-cucumerinum overseas has been shown to be 
effective by grafting onto resistant rootstocks, despite the fact that F. oxysporum f. sp. 
radicis-cucumerinum is spread aerially (Pavlou et al. 2002). Although F. oxysporum f. sp. 
cucumerinum has proved to also be aerially disseminated, there is no apparent threat 
associated with stem or leaf infection. Therefore, the use of grafting for control of F. 
oxysporum f. sp. cucumerinum root infections should be further investigated in Australia. 
Space solarisation to reduce the viability of air borne inoculum should also be investigated as 
a management strategy against aerial inoculum in greenhouses (Shelvin et al. 1994). 
Furthermore, restricting the opening on the growth media bags may help prevent aerially 
borne propagules entering and causing infection through the roots and may also help reduce 
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the numbers of sciarid and shore flies within the crop. Strict sanitation practices at crop 
planting, the use of pathogen free media and irrigation water and sanitation when working 
between greenhouses may reduce the inoculum entry into the crop.  
While cultural practices can help reduce the spread of the pathogen, control of Fusarium wilt 
disease in Australia ideally requires identification of resistance genes to Australian F. 
oxysporum f. sp. cucumerinum isolates. Overseas, genetic resistance in cucumber is based on 
one robust resistance gene, Fcu-1, which is resistant to both race 1 and 2 F. oxysporum f. sp. 
cucumerinum isolates, however Fcu-1 is effective against Australian race 3 isolates (Martyn 
1996; Wicks et al. 1978).  
The genetic basis for virulence has not been widely examined in F. oxysporum f. sp. 
cucumerinum. However, recent studies of F. oxysporum f. sp. lycopersici have demonstrated 
that three of the fourteen proteins ‘secreted in xylem’ (SIX) during pathogen challenge are 
responsible for avirulence in tomatoes (Avr1, Avr2 and Avr3) (Ma et al. 2010; Schmidt et al. 
2013). Homologies to these proteins have been hypothesised in other F. oxysporum f. spp. 
host-pathogen relationships (Thatcher et al. 2012).  
Recent genome sequencing of F. oxysporum f. sp. lycopersici has revealed that the SIX genes 
are located on the same chromosome (Li et al. 2010; Ma et al. 2010). This chromosome was 
not found on non-pathogenic F. oxysporum and has shown to be responsible for pathogenicity 
transfer from pathogenic strains to non-pathogenic strain, converting it to a pathogen (Ma et 
al. 2010). These phenomena may lead further investigation into pathogenicity transfer and the 
potential for effector-triggered immunity on other F. oxysporum f. spp. hosts that have not yet 
been identified. Further investigation is required into this possibility, with the aim of finding 
novel resistance genes to F. oxysporum f. sp. cucumerinum in Australia. 
182 
 
My research investigated the aerial phase of F. oxysporum f. sp. cucumerinum in greenhouse 
cucumbers, including the mechanisms associated with conidia liberation, the role of airborne 
inoculum in the disease cycle and the risk of disease associated with airborne propagules and 
insect vectors. Pathogens that produce airborne conidia require the development of a holistic, 
integrated approach to disease management to provide protection for the plants before, 
during, and after planting with emphasis on reducing the inoculum sources and 
dissemination. Addressing these questions has advanced our understanding of the disease 
cycle of F. oxysporum, and will improve our ability to manage F. oxysporum f. sp. 
cucumerinum in greenhouse cucumbers. 
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Chapter 7 Appendix  
7.1 Cryogenic storage 
High grade molecular glycerol (15%, 1.5 mL) was added to carnation leaf agar containing the 
Fusarium isolate. The spores were scrapped off the media surface and carnation leaves to 
make a suspension. The spore suspension was then transferred to eppendorf tubes and place 
in the refrigerator (4˚C) for at least 4 hours before transferring to the freezer (-20˚C) for at 
least 6 hours. The tubes were then finally transferred to the deep freezer (-70˚C) for 
permanent storage. 
7.2 Growth media  
7.2.1 Peptone PCNB Agar (PPA) (Nash and Snyder 1962) 
This medium allows the successful isolation of Fusarium species from plant material, soil 
dilutions and aerial deposition. Fusarium colonies are slow growing, forming a diameter of 5-
10 mm after 5-7 days (Burgess et al. 1994). The medium however, is inhibitory of most other 
fungi.  
The basal medium consists of 20g L-1 of agar, 15g L-1 of peptone, 1.0g.L-1 of KH2PO4, 
0.5g.L-1 of MgSO4.7H2O and 1.0g.L-1 of PCNB. This media was autoclaved at 121ºC for 20 
minutes, and cooled to 55ºC, prior to the addition of 1.0g.L-1 of streptomycin sulphate and 
0.175g.L-1 of neomycin sulphate. Plates were stored at 4˚C for no longer than 2 months.  
7.2.2 Potato dextrose agar (PDA/ ¼ PDA) 
Potato dextrose agar favours the production of microconidia in Fusarium spp. (Burgess et al. 
1994).  
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Peeled and diced potato (250 g) was cooked in 1 L of deionised water to make a broth. The 
broth was strained to remove larger pieces of potato. Dextrose (20 g) and agar (20 g) was 
added to the broth and made up to 1 L with deionised water. The media was autoclaved at 
121ºC for 20 minutes. For ¼ strength PDA, 62.5 g of potato, 5 g of dextrose and 20 g agar 
was used to make a final volume of 1 L.  Plates were stored at 4˚C. 
7.2.3 Carnation leaf agar (CLA) (Fisher et al. 1982) 
Carnation leaf agar is suitable for the identification of Fusarium spp. as it favours the 
production of macroconidia (Burgess et al. 1994).  
Water agar was prepared by adding 2% v/v agar to deionised water and autoclaved at 121ºC 
for 20 minutes. The agar was poured into individual petri dished to which 4-8 pieces of sterile 
gamma-irradiated carnation leaf pieces were immediately added while the agar was molten.  
7.2.4 Yeast malt extract broth (YM) 
Yeast extract (0.4 g), 10 g mannitol, 0.1 g NaCl, 0.1 g MgSO4, and 0.5 g K2HPO4.3H20, 
was dissolved in 1.0 L of water, adjust to pH 7.0. and autoclave at121ºC for 20 minutes.  
For YM plates, add 15 g agar/1 L of YM broth. 
7.2.5 IM (induction media) 
For 200 mL add 80 ml of 2.5xMM salts stock, 1mL of glycerol (final 0.5 %) and105ml dH2O 
before autoclaving at 121ºC for 20 minutes. Allow to cool to 50°C before adding 8ml of 1 M 
MES stock (final [40 mM]), 2 mL of 1 M Glucose (filter sterilised) (final [10mM]) and 4 mL 
of 10 mM AS (final [200 µM]). For IM agar, add 3 g (per 200 mL) of IM broth.  
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MM salts for induction media 
Dissolve one at a time, store at room temperature.  
1L of 2.5x stock 
KH2PO4   3.625 g 
K2HPO4   5.125g 
NaCl    0.375 g 
MgSO4.7H2O   1.250 g 
CaCl2.2H2O   0.165 g 
FeSO4.7H2O   0.0062 g 
(NH4)2SO4   1.250 g 
 
10 M acetosyringone (AS) for IM 
Dissolve 0.0196 g in 10 mL dH2O on a shaker. Adjust to pH 8 with 5M KOH. Filter sterilise 
using 0.25 µM filter and aliquot into sterile eppendorf tubes.  
1 M MES for IM (2-N (morphoethane sulfonic acid) 
Dissolve 19.25 g MES in 80 mL H20 and pH to 5.3 with 5M KOH then make final volume up 
to 100 mL with H2O. Filter sterilise 0.45 µM filter and store 9 mL aliquots in freezer. If salt 
precipitates on thawing heat in water bath.  
 
7.2.6 Lysogeny Broth Media (LB) 
Tryptone (10 g), 5 g yeast extract, 10 g NaCl was in 1 L of deionized water and autoclave 
at121ºC for 20 minutes. For LB media plates make as stated above and include 15 g/L of agar 
prior to autoclaving and pour into petri dishes. 
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7.3 Solutions and reagents 
7.3.1 Extraction buffer  
The following reagents were added to a shot bottle; 100 mM Tris-HCl pH 8.0, 20 mM EDTA 
pH 8.0, 0.5 M NaCl and 1% SDS. The solution was made up to 600 mL using distilled water 
and autoclave to sterilise. 
7.3.2 Tris-EDTA buffer (TE) 
Tris-HCl (10 mM pH 7.4) and EDTA (1 mM pH 8.0) were dissolved and made up to 450 mL 
with distilled water and autoclave to sterilise. 
For TE-RNAse make up 10 µg/mL RNAse in TE. 
7.3.3 TE-RNAse 
Pancreatic RNAse A at 10mg/mL was dissolved by heating for 15 mins at 100˚C in 0.01M 
sodium acetate (pH5.2). The solution was allowed to cool before making up 10µg/mL RNAse 
in TE. 
7.3.4 TAE 
To make the stock solution (50 x) TAE, 242 g of Tris Base was added to 600 mL of 
deionized water and mixed. Glacial acetic acid (57.1 mL) and 100 mL of 0.5M EDTA was 
added. The final volume was made up to 1 L. The solution was diluted in deionised water to 
make the working solution (1 x) TAE in 1 L.  
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7.4 1.5% Agarose gel 
Agarose (1.2 g) was mixed with 80 mL of working solution 1M TAE and heated in a 
microwave until the agarose was completely dissolved. The agarose was allowed to cool 
before adding one drop of ethidum bromide. The agarose was poured into the gel tray with 
the well comb inserted and allowed to cool and solidify.  
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